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transient temperature. of liquid near the heating tube
at any timé; m = mean liquid temperature near the
heating tubey o = stabilizing fluid at outlet from
the test section; s = saturation; T = dnner
surface of heating tube; w = outer surface of heating tubs.
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ATsp Arithmetic mean temperature difference between =47 .-

stabilizing fluid and bulk 1iquid. deg-F
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between inner tube wall and stabilizing fluid. deg-F.
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within the heated length of the test section. deg W

Temperature drop across the tube wall, dheq.F
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CHAPTER 1.

INTROBUCTYON.

The process known as boiling may be employed for the production
of vapour, as in the steam generator, or as a means of rejecting .
heat from a surface, as in the case of nuclear reactors and rocket
motors. In either case, this process can be a most effective
method of heat transfer. Boiling usually occurs at a solid-liquid
interface and this investigation is confined to boiling from a
solid surface.

This work was undertaken to investigate the process of heat
transfer by pool boiling of saturated water. A horisontally -
mounted stainless~stesl tube, 0.125 inch outer diameter, was used
as the heating surface in this investigation. Therefore, the
literature referred to in this thesis is generally connected with
pool boiling of water from horisontal flat or cylindrical metal
surfaces,

The characteristics of boiling heat transfer are most simply
represented on alogarithmde plot of heat flux 4 against the
temperature difference between heated surface and saturation
temperature of the bulk liguid Tw~Ts, ag illustrated in Figure 1.

AB is the natural convection region, Equations have been
derived which permit the prediction of heat transfer rate in this
region, e.g. heat transfer rate by natural convection on the outer

)
surface of a horizontal tube is given by McAdam D.l

2 a
‘e\d‘\.c,- do = 05% [ d: Pm % p“ ATu-lb ) ( f:?_t) ] (l)

Number in parentheses refer to the list of references at the end
of the thesis.




vhers A.. « Heat transfer ceefficient in natural convection.
&k = Therwal comdnctivity of liquid.
do = Outer dismeter of the heating tubs.
f « Density of liquid.
. B = Temperaturs . coefficient of volumetric expansion.
¢p w Specific thermal c¢apscity of the liquid,
m = Absclute viscosity of liquid.
8Tup « Tamperzture difference batween heater wall and
Iiquid (Tw~Tb)Xaid subseript g denotes; that the property values
of fluld corresponda to alithmetic mean teapersture betwsen tube
surface temperature and bulk fiuld tempersture.

Rutleate boiling starts at B vhen the heater wall tesmpersture
is a few degrees higher than the saturation tesperature. For
injitiation of a bubble at atmospheric pressurs, this temperature
difference amounts to less than 10°F at suitadle surface conditions.
A thin layer of superheated liquid is formed an the heating surface.
Bubbles nincleate at the heating surface sad grow in the superheated
leyer. With increase in wall temperature, the freguency of
bubble formation at a particular nucleation site increases and the
number of such active sites increases. Heat transfer rate
incresses sharply along BO.

Various mechanisms have been sugzested to account for the
sharp increase in heat transfer rute, Ounther and Kreith (2]
postulated, "Some form of rendom mfcro-convection excited by bubble
activity in the normally laminar sublayer.® FPeryster and Urief [ 3)
have suggested a "pumping” of the liquid by bubble sction through
the boundsry layer. Chang snd Snyder [ 4) have attributed this
increase in heat trensfer rate to increase of sffective thermal
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conductivity due to agitation effects of the bubble.

Various mechanisms suggested to eﬁzplgin high heat transfer
rates in boiling depends primarily upon the maximm diameter of
a bubble. It is, therefore, necessary to derive an eXpression
for pradicting‘ maximm diameter of & bubble. . .

- For saturated pool boiling of water, various existing
eorrelations for predicting bubble diameter at departurs are
summarised in chapter 8.1, None of these correlations were found-
satisfactory when applied to conditions at subatmospheric pressures.
Lo -An equation based on cmergy considerations is derived in .

| chapter S.1. which predicts departure diemeter of a bubble in

saturated pool boiling of water at subatmospheric prossures.
cmuparisoﬁ of available experimental data in the subatmospheri¢ -
region with analytical prediction is satisfactory. - A second -
correlation, which depends upon the reduced pressure ( ¥/pee), -
is daﬁ'vedﬁhieh predictsbubble. departure diemoter for saturated . -
pool: boiling of water over the pressure range between 1.0 psia .
and 3,2001psia. . The comparison with available data is. -
satisfactory.:, = - L
... The relationship between heat transfer rate and tenpeorature
difference (Tw*Ts) in the nucleate boiling repion can be zﬂé..-a:: as,

' - x expressed

, G L (sT). o

for moderate boiling only. !i\&wever. at large heat fluxXes niear the
critical region, the heat flux réaches a maximm, - Various values.
‘of x have been suggested including a value of 2 by Rohsenow [5)
and a value of 3 by Levy 6] . The value of X obteined ih this
investiga‘ition at sﬁbaﬂnospherie pressures lies between :4t"éh'd 6.

P
i
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As point © is approached, the slope of the heat transfer curve
decreases and finally, at point §, a further increase in wall
temperature is accompanied by & decrease in heat flux,

Many empirical correlations have been suggested in literaturs
for predicting critical heat flux at point 8. The existing
correlations are summarised in chapter 8.2, ' The theoretical
approach to the problem of predicting eritical heat flux has met
with little success.

Using a logical approach to the problem of heat transfer under
eritical conditions, supported by photographic evidence, an
equation for predicting eritical heat ﬂ\;x in saturated poal
boiling is arvived at. Comparison of available experimental data
over the entire pressure range, from 1.0 psia up to eritical
pressure, with predicted values is satisfactory.

LD is the transition boliling region. In this region; an
increass in the heater surface temperature results in a decrease
in heat flux, until point D is reached. In this investigation,
examination beyond point  has not been carried out.

At I, there is a thin contimous vapour film surrcunding the
heating surface. JE is the film boiling region.

The most effective regime, from a heat transfer standpoint,
is nucleate boiling region BC in Fig.l. The temperaturs difference
between heater surface and saturation for critical conditions
(tw-Ta)cr.is low, Bernath [7] At atmospheric pressure, this
eritical temperature difference is less than 75°F for heat transfer
rate of 5.2 x 10° B.t.u. per square feet per hour. To transfer
heat at this rate in the film boiling region, a temp arature
di fference in excess of 1,00001' would probably be necessary.
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If the hca‘t-input to th§ heating surface is constant, as in
the case of electric and nuclear heating, then near point ¢ there
is a téndancy for excursion from muicleate boiling into the film
boiling region ,ps. This excursion may ultimately result in a
complete burnout of the heating surface.

Therefore, a better understanding of the phenomenon of
boﬂing‘ is essential for a most e!‘fect:lvg use of the nucleate
boiling regime in heat transfer problems, |

There is a lack of meEEE= experimental data in heat transfer
: 4n the subatmospheric region. Also, Athere hes been no work done
previnu:ly on the nature of temperature transients in the super—
heated layer associated with the bubble growth and depm. It
was felt that an investigation into the nature of temperature
transienté may help in ubtaihins a better understanding of the
| mechanism of heat transfer in boiling at relatively low heat fluxes.

Three reasons for choosing subatmospheric pressure range for
this investigation were: o |

1) Departure diameter of bubbles is large,

2) Heater surfice temperature ";;‘: is large for low heat fluxes,
This may provide large temperature transients and, henca, a large
measurable aignal.

3) Temperatures are low and, hence, heat losses are low.

The principal objectives of this investigation were as follows:-

1) Determination of critical heat ﬂux in saturated pool boiling
of water under stﬁbﬂiud conditions,

2) Inﬁatigation of the temperature gradient in the superheated
layer near the heating surface and the thickness of the superheated
layer.
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3) Investigation of temperature transients in thc auperheatud
layer uuocinted with bubhlc growth and departure,

4) Analytical pradtction of bubble diamter at doparture and
critica‘l. heat flux in mwleate peol boiling of saturated 1iguids.
- while the ordcr of presentation of thia thouis is indicated
ﬂllly in the list of eontenta, .tt is f-lt thu: some explanation
for the uhosen order should also be included. 'l'hc phmmnenon of
bo:lling is emplex and eh.ta wo:k wasg almed at uncovering only
a few of tlu mrnuries of boiling heat transfor. Thc a.pproaoh to
this was primarily exper:!.montal and thereforo thia aapect has been |

dealt with first, chaptera 2, 3 and 4 respectively desl wit.h
description of the apparatus used in this :lnvastigation, the |
meﬂmntal procedure ’ and analyaia of the Momation fhus
obtained. In chapter 5, after raﬂewing exi.sting thcories aml
@ééssims, | effort is nada to prediet departure diamter of a
bubble and 'eritical heat flux in agturat@d pool ‘boiling of water.
Chapter 6 sumuarises the results. 651:&1:13& in this investigation.

'Desi:ite tha a'écexitl on tho cxper:lmental nature of this work,

it haa not beon poasﬂﬂ.e to sunmriu all tha inprassitms and
axperienee which has been guned of tho nucleate boi.ling heat
transfer process - after hours of e:q:erimentaﬁ.m and undreds of
hours of exmﬂ.nation of photographs and other experimentsal records,
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CHAPTER 2,

DESCRIPTION OF APPARATUS

2.1 TEST SECTION.
2.1.1 Form of heating element.

 1f the problem of surface geometry is assessed as a problem of
srranging a source of bubbles suitable for visual examination, a
choice has to be made from three basic forms of heat source:-

1) point source {non-dimensional),

2) line socurce  (one-dimensional),

3) flat surfacs {two-dimensional),

A flat surface was found unsuitable for two main reasons,
Firstly, from the point of view of high speed photography, it would
have been inpossible to measure the distance of the bubble wall
from the themocouple junction with horizemtal camera alignment,
The possibility of vertical camera aiignment was discarded because
di sturbances on the water surface would have screened the heating
surface. Secondly, it would have been extremely difficult to work
in the region of critical heat fiux due to danger of burnout.

A point source geometry possessed a marg:mﬂ. advantage for
| an investigation such as this. The probability of recording a
bubble on the high speed film, during brief exposure period of 0,8
second, would have besn higher. However, the dissdvantages
outweighed the advantages. Some of the disadvantages were:

1) From an experimental point of view, feasible heating

systems for a point source are either électric heating or the use
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of a LASER, LASER energy seurces were only under development

at ﬁhe beginﬁing of this work and were not availahl.e commercially,
At low pressures, the ‘bubbles are la‘frge and tiie bubble growth
peﬁ.o& is of the order of 20 - 30 milliseconds, Patten [8

With electx:lc heating, hlanketing of the point source by the
vapour bubble for this duration would most. probably result in an
excursion i‘:ité"-the- film boiling region even at low heat fluxes.

-2) Thetén;:efatum fluctuations of the heating surface,
due to compiete bhlanketing by the bubble, will be large.

3) Tlie‘-%élue of voltage and current will be very small
and measurement of these quantities will be inaceurate.

4}  With a point scurce, it is difficult to determine heat
‘flux. _ o |

" No suitable system could be &aﬁsgd which woulc_i-rwercune above
difficulties.

- Something approximating to a'liae“sourcé'ﬁas‘ the final choies. -
Thin# wires provide good line sources and for work in the sub-
atmospheri¢ region (when the bubble departure diameter is large)
thick wires or small tubes may be used. Tubes were preferred
because, as will be oxplained later, it is possible to experiment
in the region of ecritical heat flux using a stabilizing system.
The stabilizing system prevents an exéursidn into the film boiling
region by removing exséss heat from the heating surface, -

Another decision to be made simultancoudly with the. form
of heating surface is the ovigin of heat energy. It was decided
to use electrig heét:ing in preference to steam heating for the
following reasons:~

Loa g
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71) - the heat qn;ergy input is unifem‘- aver the surface area,
2) the eontral of heat flux is relatively simple and high
heat fluxes can be obtained, '
..3) | measyrement of thermal energy imput to the heating
surface is easy and accurate.
. The tube wes mounted .horigéntally to ensure constant heat |
transfer ccoefficient _éle_ng the 1eng1;h:'qf the tube and to prevent
bubbles from one section of the tube interfering with the other,

. To be consistent with a line source, the diamet;er of the tube
was to be as small as possible, ' A lower limit for diameter was
impesed by the magnitude of the pressure drop over the test length,
for the stabilizing fiuid flowing through the tube.

- The magni.tudﬂ of the current required to produce heat fluxes
of the order gf S.Ox 105 B.t.y, per hour per squars feet sets a
limit to the maximm possidls thiclmess of the tube wall..

Minimm wall thickness was limited by two factors:«
. .1) . problems of handling of the tube and of braszing it to
the busbars, , . ,
2) effect of tube wall thickness on critical heat flux. ..

- A polished stainless steel tube was chosen to prevent corrosion
of the tube surface and to keep water free from contemimation during
boiling, No microscopic check was made on the surface counditions
of the tube because it is known that critical heat flux ig
indépendant of surface conditions of the heating surface,

Berenson CQJ and Bernard C].O:] Also, none of the existing .

correlations for predicting critical heat flux in saturated pool

e
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boiling contain terms involving surface conditions of the heating
element. |
The final speciﬁgations for the test section were:-
Length of the test section = 6 inches,
Cutside diameter of the test section = 0,125 inch.
Wall thickness = 0,008 inch.
i, = 48

Figures 2 and 3, reproduced from Ivey [11),show the effect
of the heater diameter and tube wall thickness on critical heat
flux, It is clear from figure 2 that the diameter of 0,125 inch.
corresponds both to large dismeter tubes and flat surfaces at
atmospheric pressure,

From experimental points plotted in Figure 3, it i{s clear
that the value of critical heat flux for heater thickness of
0.005 inch. is only 10 - 15% less than the corresponding value
for very thick tubes. This difference is smsller than the
scatter of experimental results for thickaess of the order of
0.005 inch., 1In the case of the éxperimental arrangement
adopted here, however, the use of a stabilizing system is assumed
to nullify any effect of heater wall thickness on the critieal
heat flux., The use of a stabiliging fluid provides a source
and sink of heat should the heater surface temperature fall or
rise above the mean stabilizing fluid temperature., lLarge
temperature fluctuations of the heater surface near maximm heat
flux are, thus, damped significantly.

The natural frequency of vibration of the selected tube at




first hammonics was estimated at 6.1 x 10° cycles per second.

tho eonduqtox;s_ were fahric#ted from & snch. dimtér brass
rod to -gifn a negligible valtage drop at th.e estim‘atedj maxi mum
current of 150 Amperes. The coﬁduchora were Nickdfplafed to
prevent conteminaiicn of water, The sta.iules__l\. steel boiling
tubs was brazed to these conductors using silver solder, Figure 4,

"It was folt that success 1n. tha applieaf.ion of high speed
photography was d!pendent upon mxlmm tranminion o!‘ 1i.ght to
the heat:lng snrfm and, therefore, a cmpleuly tranapmnt 'cank
was specifiod. Glass and p-rswx were both conaj.dpud md
purspax was finally chosen becanse of the ease with vh'leh it can
be mh:lned. Al se, in thc :ubatmoapheric rag:lon. thc mnmm
saturation tempar;mm of water was 212°F. vhich was :l:lght.‘ly less
than the upper tenperatm Limit for perspex. A thickness of
0.625 ineh was fixed on the basia of tho dcﬂeet:ion at thc centre
of th. largest side which was appro:dmtoly 11 inehes x 12 i.nchn.

‘l'ho final dimensions for the test tmk were:- '

| length '- | 11.0 inches.,
breadth - 7.0 inches,
Helght =~  12.0 inches.

The factors which deurﬁne& tank length and breadth were;~

1) dimensions to be mch larger than the maxtmm bubble
dismeter 30 that tamk aiu. has no effect on the maximum bubble:
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diamater sud growth rate.

2} water lewvel to fall not more than 4 dnch fn durstion of
ond test of about 10 mimiten,

The edges of the perspax sides wers joined uatng psripex
osmmt aud the assembly was cured under an ultra~viclet larp.
Ths front plate of the tank was bolted to the tank with s silicome
rbber gasket, 0.139 inch. dismmter, to provids a leak proof joint,
This plate could be removed to allow access to ths interior of
the tank, vhensver necessary. During the cemdssioning tevts,
this tank started lesking ot the owmonted joints. It was clear
- that, under lowsat pressure, suffictent deflection occurred st
the cemputed Joints to csuse oracking. It was therefote
necessary to redesign the tank, |

The following design proved sstisfactiry:

&muMWMﬁmminﬂhn@:‘umw&wﬂw
the comers. All mitaide faces of the frans were machined and
grooved muitably to retain a 0.139 inch. dimwter silicone rubder
goaoket, Figure 5. The perspex sides wvere screwed to the brass
frame, the neal being formed by the rubber gesket om all sides.

Actess to the interior of the tark was achdeved ly removing
the front plate. All electrical conhections wers sads throogh
the top pla-u,

The pressure range selscted for this fnvestigation vas from
1.0 psta 80 14.7 pela. The roasons for choosing this range were
primarily experimental, nsewly:~
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1} the temperature difference between wall and saturation
for initiation are large and a large measurshle teaperatnre
_tranaiqnt can be expected, At 1.0 psia, initiation temperaturs
di fference for boiling on stainless steel tube is about 3s°r,

~2)  bubbles are large at low pressures. The bubble
diameter of the order of 1,6 inches 1s obtained at a pressure of
1,0 psia.

3) temperatures are low and hence heat losses are low,

In éddition, the range of property value covered is:

2,4 fold variation in viscosity,

3.5 fadld variation in Prandtt number,

- 1,2 fold variation in Igur_‘i‘acc‘_tmaipﬁ,‘

12,5 fold variation in vapour ‘density.

The follswing asrTangement provided a very steady vacuum control
in the above pressure range. Figure 8. shows the vacum system,

A vacuum pusp type ISC 30, _-anufwmd by W% E&vérds High
Vacuum Ltd, with displatement of about 1,10 cubio feet per mimute,
was used to produce a vacuua in the tavk., 4 water-cocled
condenser between the tank and the punp ensures that most of
the water vapour i3 removed before the air-vapour mixture reaches
the pump.

The vapour was extracted from the tamk through a 2 inches

bore comnection., All conneeting pipes from the tank to the
vocuum pump were glass and of the standard sizes supplied by
Q.V.F. LTD. The condensate collecting vessel was of § litre
capacity and fitted with a drain=cock.,
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To remlatc and m:lntnin low pressures in the tuic,
Cartesian Manostat was first fitted. During optration
ﬂﬁctuations in pressure of the ordnr_o!‘ T ol pmmds per sqﬁm
inch oecurred. This was coﬁsidorad umcc@ptahle tor low ‘
preuum wo:k and, thenfom » the Manostat was rophced by an
Edwar&s ur adnd.tunce valve type R.S.l. just upstrean of the
vacuum puup. In nddiﬁon, a ncedlo valve typ. w.S .1. was
connccted to the test tank., These two valves prouded excelleut
eontrol over the vacuum in f.he tank which was aeuured by a
mrcury( manometer. Atmo:phnri.c prtssurc was measured to within

£ 0.002 inch. of mercury using & Fortin barometer.

It was decided to use direct cﬁrﬁnt to heat the tﬁst |
section for two main masom;- | |

J.) to avoid any influence of $0 eyclen per scnond current
and wltage ripple on bubbie growth rate.

2) to avoid A.C. pick-up by 0.002 inch. diameter themocmplc
situated near the :h‘_u‘lt.ing surface. An A.C. pick-up by the
thermocouples would have spoiled any meardixig of temporamg
transients in the suparheited layer near the h§aﬁn§ surface

; during bubble growth.
Fo: an assumed value of the critical heat flux in mucleate

| 5
pool boiling of § x 10 B.t.u. per hour per square fost
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at atmospheri¢ pressurs, the pover requirement was sdout 150 Axps.
at 15 Volts. It was decided to use a 20 vokts, 400 Ampa.

D.C. motor-gensrator unit. Contimious current control was
svailalle over the sntire range. o

The general arrangement is shown {n Figure 7.

A trial run vas made to estimate the smomt of A.C. in the
B:C. Supply from the generstor. This was dons on the basis of
A.C. piék.d up by 0,002 inch. dimetsr thermocouples placed near
the hl&ﬁng tube. 'l'hli pick-up was of the order of 0.5 milivalt.
( = 22°%) for 6 vilts across the heating tubs. This vas
considered high cempared with the maximm transient tenperature
of the erder of 30°F.

- Xt was, thevefore, necessary to smooth the D.C. supply

using condensers. The bheat combination, after triel asud error,
was ‘found %o be 6,000 capacitance across the field and 6,000 pF
scross the ocutput from the generator, s shown. ﬂn negative
lead from the generator was sarthed to give aoceptable conditions.
The pick-up was redaced to about + 0.04 midivelt, <+ 2°7)
with this arrangemsnt, the freqency of pick-up being 600 /s
modified by SO C/s A.C. mpply.

2.3.3. Meszuremeot of hest flux.

A standard resistance of 0.00028 ohm was conngcted in
ssries with the output from the generator. The woltage drep
acrosa the resistance provided the walue of current flowing in
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the cirsuit. fwo stainless steel clips were fixed rig:ldly on
to the test sectim at a measured distance between them. The
clips had sharp edges so that the distance between the clips
could be measured accurately using a travelling m:l;croscdp«.
Loads from the elips were connected through & 400/1 voltage ratio
box to a potentiometer circuit to determine the voltage.

~ The values of vol tage, current, tégether with the dimensions
of the tube and distance between ét‘ainlesa]#teel ‘elips provided

the heat flux values.

2.4. SIABILIZING CIRCUIT
241 w

The use of stabilising flu:ld for determining heat transfer
coefficients in mmcleate boiling in the region of eritical heat
flux was first suggested by Poletavkin &odthers ﬁz'_]

The boiling curve for water at 1 - atmospheric pressure Qas
first published by Nukiyema Cl-'ﬂ and has since been confirmed
by many research workers, at various pressures. Figure 1. shows
the form of this curve which generally applies for meny differegt
liquids and maxxy different experimental arrangements, Heat
flux 9 is plotted against the temperature difference between
heating surface and saturation temperature Tw~Ts on a log-log
scale.

Over most of the bolling rs.nge, at any fixed velue of heat
flux, there may be three di fferent wall temperatures. These

three wall temperatures correspond to the three bolling regimes,
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vis. micleate boiling, transition boiling and film bolling. In
the vicinity of point G, there is a t;enddncy for an excursion

into the film boiling regime resulting in eventual "burnocut" of
the heating surface. Ihvest:lgation_ of nuelgnte_ boiling at
oritical heat flux is made difficult by the possibility of
instability. It is essmtia_l s 1f rgprcducabla experj.me,nts are

to be made, to provide some method to prevent the change of
operating conditions from C to E.  Such an excursion into the
film bolling region is prevented by the use of a st:aﬁili:ing flud d.

Consider a constant heat flux line xx in Figure l. In
m;cléate boiling, the heat flux 9 corresponds to tube wall
tempérai:ure Tur - at poinf !‘ The tube inner surface temperature
is Trv . Under steady st‘afe‘ conditions, with stabilizing fluid
flowing through the tube, if inlet stabilizing fluid temperature
Ti is equal to Trr then the cutlet stabilizing fluid temperature
T, is also equal to Ty=. No heat transfer takes place between
the stabilizing fluld and the tube. All the electric heat input
to the tube is dissipated by boiling on the outer surface of the
tube.

If, due to instability, the operating point jumps from ¥ to H,
both tube outer and inner surface temperatures acquire a new
value, say Tww and Tiw respectively. Some heat energy |
proportional to Tww <+~ Tre will then be tranaferred to the
gtabilizing fluid. As a direct result, the operating point on
the curve will come down along HD.

In principle, tube failure c¢an be avoided if the stabilizing

fluid can remove heat input equivalent to (9e—9p)*Ae.
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For atmospheric pressure, and an assumed value of (% —-%p)
of 4,7 x 10° B.t.u. - per hour per sgquare feet, the required heat
capacity of stabilising fluid, for tube diameter of 0,128 inch, is

7660 B.t.u. per hour,

2:4,2 ' oice of stab g .

Galculationa were carried out for water and two ot.hir _
cmrcial heat transfor liquid:, vis. Shell Yuluta 45 and
Mobilthcrm 600, to decide upm the best stabilizing ﬂuid suitable
for thia :lnvest:lgation. .

" 1t was clear from caleulations, appmdix 1, that for the
reqnircd stabilising capaeity, the pressure drop across the heating
section was leaat for water, vis. less thun 1.0 psi for water

ompare& with 67 ps:i for Mobiltherm 600 and 94 psi for Shell
Voluta 45,

'!‘h:ls e:perinwntal inveseigation was restncted prima:'ﬂy to
subatmospheric pressures. Under theu conditiona, wall
tmp'eratures are loﬁ (300°!' at a‘unospher:le prossure). Unin;
wa.tcr as the stabilising fluid, the pressure in the stnbil:l.zing tank
need not thercfora exceed 120 psig. _

k Because there are no deuompoaitim pmduetn, as m occur
with the other liquids, it was decided to use water as the
stabilizing fluid, R |

‘To reduce costs, a mild steel tank was designed for use as &
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stabilising fluid tank. To reduce corrosiom to a minimum, the
tank was coated on the inside with Araldite type 18, - The internal
dimensions of the tank were 12 inches diameter x 18 inches high, |
Standard spirel electric heating elements enclosed in pyrex glass
tubes were installed inside the tank for heating the stabilizing
findd, Two such 1,000 gatta,hquters. connected in parallel,
mre supported from the top of the stabilixing fluid temk, A
tgmpéﬁture controller was instelled and connected to the heaters
' through a variac. The variac in conjunction with temperature
contraller provided control over stabilising fluid temperature
to within * 0,1°F, over a period of ten minutes. The mild steel
tank was insulated vith one inch thick glass wool inmilation.

| To avoid boiling in the stabilising system with test section
inner wall temperaturea of wp to 300"!’, it was neceséary to reise
the preasure, and hence the saturation ténperatum, in the
gtabilizing ajnten. A :;itrogen supply, & pressure guuge, A
safety valve and control valves were installed to obtain and
maintain any desired pressure in the stabilizing gystem up to

120 psig.

A circulating purp type KR1-B, mamfactured by Sigmind purp Ltd,

specially modified to withstand temperatures up to 300°F and
| pressures up to 130 psig, was instailed finelly after unsuccessful
attempts to modify a type 10 Stuart Turner pump. A Fischer and
Porter flowrator was included in the circuit to measure flowrates
between 1.0 Igph and 15.0 Ygph. A by-pass valve enabled
adjustments of the flowrate through the test section, The
general arrangement is shown in figure 8,

vl
i
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SVG34, insulated, nickel-alusinivm/nickel-chreedum alloy
thermocouples were used to messure the tempsrature of tha
stadilising fluid at inlet to and cutlet from the test section.
The thermocouple assembly is as shown in Figure 4.

Rach thermocouple was lecated in and kept in position by a
aat of two cervalc holders. The coramde holders were separated
by s stainless ataesl rod.

The position of themmocouples wes 1§ inch upstresm of the
sutry and 1% inch dovnstresm of the exit of the actual test section.
An air gap in the spprosch tubes was provided to prevent locsl
boiling of the liquid in the test tank.

Aaded  Jube outer surfaoe w3l LOWSrALULS .
- Aneng various wethods of niu\mr.lng tubs wall temperature
two commonly used ave:~
1) moasuring the electrical resistance of the heating element.
2) using a thermocouple welded to the surface of the heating
element. o
rﬁm ares difficultiss in measuving tubs surface tasperature
using either of the sbowe two methods. Since ths surfate
teaperature fluctuates due to the bubble grwth sad departurs, the
'curmt- drawn by the heating elemsnt fluctuates for the ssme |
applied voltage. Also, tqmﬁuu ccoefficient for stainless
stesl iz nrj seall., Method ome was, thereforw, considered
insccurate. Method two was discardad on following grounde:~
1) difficulvies of welding a thermocouple to the tube msurface.
2) necessity of calibration for D.C. voltage pick-up,
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- 3) welding to the tube surfece will change the surface.
conditions at the point and, hence, temperature measured will not be
an avérage surface ‘temperature. '

" 4) the thermiocouple ji:neﬁon could dnly be welded at one
point., ~The rest o'f the surface area of the j‘uné’tion will come in
contact with 1{qid and vapour. This will introdnce erver. |

' 8) presence of thermocouple will influence nucleation
conditichs locally st the thermocouple, '

‘In the present investigation; the above difficulties were
overcome by measuring stahilizing fluid temperature. The tube wall
tenipérature was derived from stabilising fluid temperature, as in
Appandix II.

Since the stabilising fluid temperature at inlet and outlet
way not measured at exactly the beginning and end of the test
section, but at a.'dis_tanee of 1% inch, an error is introduced.

The error is mainly due to haatr lost from the stabilizing fluid
by conduction and convection in the approach tubes and conductors,
The extent of these losses is of the order of 31§ B.t.u. per hour
per degree F temperature difference betmn.the stabiliging fluid
and the bulk in the test tank. The extent of these losses ira.s
determined as in appendix III and correction applied to all results.
At critical heat flux in nucleate boiling at 1.0 psia, this
correction amounted te about 10%,

- To apply correction, a temperature difference between :lnlet
| and outlet of stabiliging fluid, equ;valent to lodses, was
maintained during actual experiments. | -

In deternining losses, (appendix IIT), it was asmmed thdt
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the losses at entry and at exit-are equal. The tube inside wall
temperature was, therefore, obtained as the aftthmetic mean of
stabiliging fluid temperature at julet and outlet,

Ti+Te

T = ™

Outside wall temperature {Tw) was dotermined from tube
inside vall temperature (Tr) as in appendix IT.
The sensitivity of the stabilising system was determined

as shown in appendix 1V,

T.& T. base metal (nickel-aluminium/nickel~chromium),
uninmilated, themmocouple wires of 0.002 inch diameter were used in
this 'pr’oj' aet for recording tamperature transients in the superheated
1&?&!‘ and for measuring the temperature gradient in the superheated
layer. Ao electric discharge welder, Figure 9, produced a butt~
wolded joint between the two wirss.

By a system of trial and error, the goﬁdﬁg values of .
voltage and ¢apacitance, for welding of 05002 inch diameter
wires, was found to be,

vol tage » 47 volts on theé output side,
¢apacd tance = 16 pF.

The arrangement used for holding and aligning the wires is
shown in figure 10, |
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A two feet length of each wire was taken. The ends of the
wire were cut with a sharp rasor blade to obtain a cut perpendicular
to the axis of the wire. A § inch length of each wire projectsd
outvards from the instrument clips. A butt-welded joint was
obtained with the axis of both wireas lying iﬁ the sams straight
1ine, A nry mll preasurc m minta:lned beman thc hutt*ends
befm pnssing thu diseharga, Abmcc of vibrutions was
necessary for alignunt. . '

A lew resolving ( x 50) binocular typc, ad.croseope was
und for aligmnt of the wires and sxamination of the junction.

A thermocouple was only accepted if it satisfied the following
conditionas | | '

a) junction mist be cylindrical in shape and of diameter

not greater or less than 0.002 inch, as seen through the
mdoroscope. Any appreciable amount of discontinuity at the
junetion disqualified the thermocouple.

b) The junction must stand 3 ~ 4 mild jerks.: About one
rasor cut in 1$ produced a cut perpendicular te the axis of the
wire, Only one discharge in 20 produced an acceptable
thermocouple,

Ench thermocouple was first calibrated at ice point and
boiling point of water to teat if the junction gives 4 steady

output. The thermocouples were next calibrated at intervals

of 30°F. between 100°F and 300°P, Only those thermocouples with
deviations not exceeding £3,V (= o13°F) wuwp to 300°F, were
accepted. The calibration value was 44,2°F, per milivalt of

thermocouple output.




A ydte*;she;;ed stainless steel carrier was maﬁﬁﬁetm"ed for
rigid thernocouple mounting. Two different yoke types were tried,
The first one is shown in Figure 1la. 'l“hej stainless steel |
carrier had a groove $ inch wide and % inch deep to retain a small
spring. The carrier also had a small perapex pi#ce at eitﬁor end,
joineél to it by Araldite type 18. = The per;pu pieces were grooved
with a spacing of 0,006 inch between each V-shaped groove. Grooves
on both legs were in a line perpehaici:iar to the ierftic-l axis
of the stainless steel carrier. | | -

The the:ﬁocoﬁples were fixed and tightened 1& & special jig,

(¥igure 12), 30 that the junctions of all the themoeouples were in
line with the verticul axis of tho carr:lor. A mall uumnt ot
Araldite No. 18 was applied on ueh end of the yoke and the
assembly left to dry for 48 hours and then aur-d at 80 G. for
2 hours. Six themocouples were mounted with 0.006 inch spacings
between them to cover the wholo superheated 1ayer of an assune&
thickness of sbout 0,03 inch,

A spring was fitted in the yoke grem after eﬁﬂng to keep
the thermocouples wires taut. The distance between adjacent
thermocouple junctions was measured sccurately using a Vickers
projection sicroscope. With & magnification of 138.1 © ?;6%,

di stances were measured to an acouracy of better thin 1x 16”4 inch.
figure 13 shows photograph of the thermocouple junctions.

While working at pressures of 7.0 and 14.7 paia, sagging
was observed in the thermocouples. It was felt that this might




be due to softening of perspex. It was, therntoré, decided to
adq:t another yoke type carrier as shown in Pigure 1l1b.

'The second carrier had no groow for apring and no perspox
pieces. Both lcga ot the carrler were thoroughly cleaned and
dried. A small amount of celd cure Arsldite was spplied to

Meach leg and allowed to set and cure, Excess Araldite was nillcd
out. The Arauﬂte was then 1m11ed and ﬂnally grooved w:l.th a
spating of 0,008 1nch between the Mhapcd grooves.,
| !‘hemocmples were fixed and t:lgh’cened as before. A small
amount of Araldite was applied and the assemhly was cured for
72 hours at room temperature, The distance bftweeu the thermo~
:Gouples was measured to‘ an aeuracy of 2 x 1;-4 inch. using &
high power niicroicopc. The cold cure Araldite held the
thermoéouples firmly in position for pressures up‘ to atmospheric
without sagging.

Response time of the 0.002 inch diameter thermocouple was

estimated to be about 0.276 millisecond, appendix Y.

The current carrying conductors were bolted to the top plate
of the tank through sil'icme rubber gasket 'o' rings, care was taken
to ensure that the 0,125 inch dismeter hole in each conductor was
in the game straight lime., The gaskets were squeeszed against the
conductor and perspex plate to provide arleak-'proof joint.

A stainless steel tube specimen was selected with care to
ensure that there were no kinks, discontinuity or bends on the
tube as observed with the naked eye, The tube surface was then

-




obsemd- under a microscope with a magnification of about x 50.

A few smal) cavities wers observed on the surface while the rest of
the tube surface was generally smooth but no special selection
process was carried out.,

. The stainless steel tube was inserted between the conductors
and then silver soldered, The test length of the section between
the condnetors was 6 inches.  The perspex plate was kept in
water to ensvre that the heat conducted along the brass conductors
did not soften the perspex plate during socldering.’

The tube surface was pnlished with "Brasso* to remove the
oxide layer formed on the tube surface during soldering. The
surface was then cleaned several‘tima'ﬁi‘ﬂ'x.‘carbon tetrachloride
to remove Brasso, -and tr_aceé of dirt, oil and grease, The tubs
was further cleanéd with acetone and ﬁnaliy washed with hot,
distilled and de-ionized water,

The top plate of the tmk was then sorewed to the nickel-
plated brass frame, the seal being formed by 0.139 inch diameter
silicone rubber gasket, The left and right hand xide perspex
plates were similarly screwed to the frame. - The stainless steel
approsch tubes (to carry stabilising fluid) were inserted and
screwed to the conductor using & washer and a thin P.T.F.E, ribbon to
provide a lesk-proof joint, Silicone rubber 'o' rings were used
to provido leak~proof seals between the approach tubes snd the
perspex sides. The bottom, back and front perspex plates were
screwed to the tank and the tank was tested to ensure that it

was leak-proof,
Stainless steel voltage taps were fixed on the heating tube.
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The distance between _é_lip-s.weia measured to an accuracy of
+ 0,008 inch. .usii:g a._trav'elling microscope.

@ ass-enclosed spiral resistance heaters for the bulk liquid
‘were then fixed in the tank and electricelly comnected. A
calibrated thermocouple No, 34, manufactured from nickel-
aluminiwn/nickel-chromium alloy wires, was located in line with
the heating tube and at a horizontal distance of 2 inches away
from it, to measure the mean bulk temperature of the test liquid.
The thermocouples measuring the aéaﬁilising"ﬂuid temperature
were also fixed in pbsition as Auhwﬁ‘inll‘j.;m 4 |

After the tank asgombly, it was thomughly cleaned with
tissue paper dippéd in aceteone and finally with distilled and
drianind water, The ‘unk was placed in position and eoméud
to lthe vaouun, stabil:laing and pmf eircuits., All thermogouple

cireuifs 'wre corpleted and hheeked.

From Patten (8] ,Figure 4, bubble radial growth rate in the
initial stages of growth was taken as 10 feet per secoad.
Adéumingthe thickness of the superheated layer to be of the order
of 0.03 inch, the maximm freguency of temperature transient was
estimatad to be 2,000 cycles per second, for a bubhle growing
" on the heating surface irmediately below the thsrmocouple jmction.
The maximm possitle transient amplitude was estimated at 40°p,
corresponding to temperature difference between tube wall and bulk
liquid for moderate boiling at 1.0 psia.

.
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~To check the amplitude and frequency of temperature
transient agsociated with bubhle growth, a prototype tank was
used, This tank wes that used in previous work referred to in
C_a] - A Ni-chroue wire, 0.018 inch. diameter, wvas fixsd
between two current-carrying conductors approximately & ineches
apart. Power was obtained from a 12 Valts D.C. accumulator..
A nickel~aluminium/nickel-chromium alloy, 0.002 inch diameter,
uninsulated thermocoupie was mounted on an adjustable perapex
support which was moved in such a way that the thermocouple .
junction was brought in contact with the wire by manipulation
from outside. A vertical movement of the support was also
possible and thiz halped in accurate alignment of the junction
near thq_ centre of the wire.
- The thermocouple was conmacted to a Nagard type 103
oscilloscope with internal D.C. amplifier type 103/3 of contimuous
gain up to 100,000, and alse toZLKelvin-Hughes paper recorder
type MKS through a recorder D.C. amplifier. The bulk water ina
the tank was heated by glass-enclosed spifal heaters situated
inside the tank. Vacuum in the tack was produced and
maintained by & vacuuwm pump and Cartesian Manostat,

Under boiling conditions, the 0.002 inch. diameter
thermocouple was brought closs to the wire surface and the
trensients were observed on the oscilloscope., When the transient
amplitude appearsd to be a maximum the recorder was run at the
maxinum paper speed of 4 inches per second. The responss on
the recording paper was flat for frequencies up to 100 cycles per
seeond only. This limit of recorder frequency prevented
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an adequate ncaﬁinz of fast transients,

" A rough check vas mado on the oseiilescopc by comparing
the trmaienfé againast & standard 2 KC/s signal displayed on the
second oscilloscope .chax':ml".' The maximum t‘roqulency did not
exceed 2 KC/s om vi-i;ia’i examination of the wacilloscope
screen. | | ' '

Another ,at:tanbt was made to record these transients using a
m camera. The transients and & stendard 2 KC/s signal was
displayed on the scope and a recording was made using Southern
Instrumtrxta' Oseiiloséope drum camera type M7Xl at a speed of
700 inches pepbecond. The circumference of the drum of
20 inches restrictsd the actual exposure to 30 miliseconds. The
small mumber of high frequency tranaiénts rade it necessary to
try yeot another method of photographing the oscilloscope screen,

A single shot Shackman 35 mm. oaailleicope camera was tried
and proved successful as a check and mich less expensive, Prints
of successfully exposed frames were made and analysis of prints
confirmed the calculations that the maximum transient fréquency
was of the order of 2 K(/s. 'Tmratﬁua as high as 25°F,
were reéorded in transients for moderate boiling, Figure 14,

This experience showed that neither of these methods was
really suitable and the final choice rested on the Ultra-violet
recorder type 1185, mamufactured by Honeywell Gontfn‘!. Ltd. |
Max raxm paper sbeed on the recorder was 120 inches per second,

A possible resolution of 0.010 inch provided a maximum accuracy
for time measuremsnt of just muder 0.1. m.aﬁ,d. This is less than

the interval between successive frames in high speed film records

¥




at 6,000 frames per second.

-+ In selecting 2 set of suitable galvanometers, it was noted
that galvanometers with high natural frequency had low sensitivity.
The maximum transient frequency of 2 KG/s required at least a
natural frequency of 3 EG/s for the galvanometer to get response
flat to within ¥ 5% up to.2 K(/s. . BBA 3,000 with natural
frequency of 3 KG/s were, therefore, found suitable for this
investigation: - Sensitivity of the type BBA 3,000 galvanometer
was 1,22 valts = 25% per inch deflection depending upon the
poaition of galvanometer in the magnetic block., Minimum
sensitivity was, thorefore, 1.53 volts per inch deflection on
the mcoéding béper. | | | R

A D.i_‘.. jxre—anmliﬂer was required to raige the input level
of ‘the thermocouple signal to & value which eould give a measurable
deflection on the recorder. The maximm transient amplituds
was 1 nﬂ]ilivd[f (equivalent to 44°F.), therefore sn smplification
of x 2000 vas required. The D.C. decade amplifier type AA900,
manufactured by Selartron Electronic Oroup Ltd., was selected.
The gain on this amplifier can be salected between x 20 and x 2000
with continnous variation. The uss of this D.C. Amplifier
increased the minimm sensitivity of themocoupls cireuit of
1.53 val'ts per inch to 1.3l inches per mﬂ}éih‘it.of thermocouple
‘output. o

During actual éalibration of the thermocoupl e~pre~ampli fier =
UV-recorder combinaticn, the minimum deflection was 1.6 inches
per nﬂl?;?alt thermocouple output. For a resclution of 0.010 inch,




3L,

' tha possible accuragy ‘of 0. 3°F. of temperature difference was
obtained on the mording paper. . _
Kud.mm pemissible short dnrltion current output from the
| D.C. amplifier MQOO was 35 aﬁlLi-mperea.  The galvancmeter
resistance was 100 ohns. This set a limit of 3.5 volts across
the gnlvanmter and at x 2000 u@liﬁeaﬁon » @1 upper limit of
1.8 mi][_ivn}.ts on the thermocouple output.

. 1
~ To ensure that the upper limit of 1.8 millivolt of

thermagouple output mentioned above was not exceeded, the cold
junetion was necessarily at a steady temperature much higher than
32°F, to reduce the D.C. level to the UV~recorder. It was
decided to 1imit the D.C. component of the signal to less than
0.5 mﬂiivolt. The cold junction was, therefore, maintained at
about 20°F. below the bulk liquid temperature in the test tank.
To avolid confusion, this junction will be ‘termed as "the contralled
junction®,

A 9 inches diameter X 12 inches high insulated slass tank
was used as the controlled junction tamk. A steady temperature
was maintained with the help of a circulation pump and a glass
enclosed apirtl heater, A varisc was connected across this heater
to provide fine contral,

The tmpeféture of the controlled junction tank was measured
by a thermoconple. |

The cold junction ends of the thermocéuples measuring bulk
temperature in the test tank, stabilizing fluid inlet and
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outlet temperaturei, and &1l 0.002 inch aiinéter thermocouples
measuﬁng transieni:s ﬁéﬁ the tube surfacc were enclesed in
paraffin-filled glass tubes which were supported in the contmlled
junction tank. '
Durj.ng experimmts in which heai: tranafer oocfﬁcients were
detemd.ned, the contrulled juncta on tank wes not heated.

LW
MW

' . 'For high speed photography, & Fastax camera was used. The
maximum film speed cbtainable with this camera is 8,000 FPS, . .
Film capaeity of the coamera is 100 feet x 16 mm.

... Since bubble nucleation was randem both in time and space,
thergfore, the choice of both of area of field of view and -
rate of boiling had to be a coxpromise. Too small a fleld of
view. or too low & rate of boiling resulted in wastage of film
stock and experimental time if & budbble failed to develop during
the brief {0.8 sccond) recording peried. Too high a rate of

bolling had also to be evoided since relating the temperature

transients to a specific bubble would have beem imposgible.

For pressures 1.0 and 3.0 psia, the actual field of view
recorded was 3 inches wide. Wwo stainless steel noedles 0.763 inch
apart located in the tank beneath the test length and within the
field of view acted as fiducial marks. For pressures 7.0 and
14.7 psia, the field of view was reduced to ome inch and the
needles were 0,706 inch apart.
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28,2 Lishting,
The lighting system consisted of four 750 watts, 115 Volts

refiector lamps, Two lamps, with diffused 1ight, lighted the
front of the tank and two lemps were placed behind the tank to
provide edge lighting; care was taken to prevent flare in the
camera lens. A hlack velvet cloth was placed behind the tank
to increase contrast, The lights were set up, both front and
back, about one foot from the tack surface and at sn angle of 4s°
to the camera axis. - |

'l'o filter 1nfra-red radiaticn frm the light acuree, perapex
filter tanks | 1nch. deep and fille d with 10% copper sulpha.tt
gsalution were pl.ucod between the lalpl and the tank. 'l‘lds
arrangexsnt reduced the :lntensity of heat from lizht pources at the
tank face to less than 5% of un-at:tonnated value.

Brightneass values at perspex surface were;—

Pront 1 x10% ft. ~ condles.

Back 6 x 104 ft.. ~ candles.

For photographic purposes using O ford HPS film atock, an
aperture of £5.6 wns'requix.'ed with standard 16 mm. aperture glit,
for film speed of 6,000 fps, Figures 15, 16 and 17 are general
stereoscopic views of the aset up, Figure 15 shows Dexion tripod,
front lighting and infra~red filters, Figure 16 shows close-up .
of test tank and front lighting arrangement. l.i'igiur.c’l‘i shows on
ohlique view of the relationship between cameras and oscilloscope.
Cardboard tube connecting oscilloscope and camera was made in
Lwo units sliding inside each other to facilitate removal of €ilm,

o
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A cloge~up of the tesat taﬂt isl gshown in Figure 18 in which
can be identified current-carrying conduotors_, stabilizing fluid |
carrying tubea, test section, iolmo measuring ¢lips, the
thermocouple bridge and the fiducial marks.

The _ena_iesﬁ way to ex_mnp these pidﬁu.rea in three
dimensions is to Qaa a standard _stereo-en_x;ip viewer, Hold the
viever close to the eye and move the picture backward and
foﬁrd to obtain focus. Wb:_.n in foéua it may be helpful to
rotate the picture alightly to obtain fusion. Alternatively,
4 piece of cardboard held be‘l;ween the eyes, such that one eye
¢an see only one picture, cm‘prﬁvi_do a ghne Mumd view
with no magnification, The distance between the pictures and
eye should be adjusted by trisl and error.

Two systems were tried for synchronization, the second of

which proved more reliable, o |
| In the first systep, the available channel of the Fastax

camera was used for marking 1 KC/s time base on the edge of the
film. The operation of the camera circuit also operated a
double pole salenoid which fed a synchroniszing marker to the
UV~ recorder and te a Cossar dcuble beam oscilloscope. The
UV-recorder salso had a time base of 100 &/s throughout the
reading period at a paper speed of 120 inghes per secend.

The high speed multichannel UV-recorder received signsls
from three thermocouples while one, fed in parallel the second

[
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channel of the cscilloscope; . The display om both oseilloscope
channels was imaged on the q;tical_ channel of the Fastax camera
as shown in Figure 17. Thus, both film and recording paper were
marked both with a time base throughout the recording period and
a synchroniging event signal common to both. The purposs of
-oscilloscope. and donhle recorded thermocouple recording was to
ease the problem of correlating the film and pzper recerd together
on analysis.

Howvevar, due to excessive load taken by the camera and -
lights at the moment of switching on, this system prowed
erratic and unmiiabla and it was decided to modify the camera
circuit. |

The final system included a spark timer unit which provided
two time marking channels on the camera, one on either edge of the
film. Figure 19 shows the final synchronising cireuit, It
wes thus no 1ongef necessary to use sn oscillossope.

The "Goose" contral[wih;;:inted both eamera and lights,
€55 was switched on manually an instant after the UV~recorder
was switched on. The operation of camera circuit alse opeﬁted
relays A and B. Relay B provided al KC/s t:lming marker
fhroughout the film on one edge and relay A provided s
synchronising mavk on the other edge, 0.4 second after switching
on the camera. Relay A, Figure 20, also provided the
synchrenising mark to the recorder,

The total recording time was approximately one second for the

£ilm and about 1.5 second for the UV-recorder which was switched
off manually at the end of the film run,




CHAPTER 3,

" QPERATING PROCEDURE

At the beginning of each series of tests, the test tank,
glass enclosed heaters and the stuinless steel heaﬁng tube weﬁ
thoruughly c]-.amed with ac—etme to remove traces of dirt, oil
eto.  Pinal washing is done by distilled and deionized water.

The overall duration of & test series was never more than 8 hours.

.1..3 Wm
Ordinaxy tap water was sinaly distﬂled in a pyrex still.

It was then deionimd :Ln én 1on~emhanga deionisar. The
pnrity of this &don:lzmi water was tested by measuring thu | -
elsetrical resistivity whieh was feund to be greater ehan |
1x 10 etnns—em. Water with neatstivity less thm or ”
equal to lx 10? olms-em. was never used in chese meriments.

“ nistilled water was seore& .’m palyt\hene bett‘les md. at
the heginning of each seriea of tests, this water was freshly
deienized to ensure minim electﬁeal eonduativity and. hence,
maxirum purity. |

. The selection of worki‘ng'px'essure's within the range 1.0‘ps'ia

to 14.7 psia in this 1nve9tigation was based upon the vapour




3.

density of w‘ate‘r.‘"- The vapour dgngity of water for the selscted
pressures was in a geométric progression with & common ratio of
approximately 2. The selected pressures were 1.0, 3.0, 7.0
and 14.7 psia. ‘ |

The test tank was filled with freshly distilled and
~deionized water to a leirel of ‘4 inches above ﬁhe héat:ing tube,
‘l'his water was next heated by ‘bulk water heata‘i's te a tmper#tum
4 - 5°F, abové the saturation temperature éofréspondin.g to half
tfa& tast pre'_SSure.. The pressure in the test tanlc was then reduced
graduaily to half the test pressure, thus cansing bulk boiling.
Water was thon boiled on the heating tube surface for about
half an hour under saturated conditions to minimize the quantity
of gas absorbed on the heating tube surface and contained in the
bulk liquid, After this pre-treatment, vacuum in the test tank
was broken completely. This was done so that the bulk temperature
¢ould be raised to the saturation temj:eraﬁam for the test
pressure quickly by increasing the voltage across the glass

enclosed heaters,

As explained in chapter 2.4.4, the location of thermocouples
1.25 inch distant from the entrancé to and exit from the test
section introduces an error in heat flux measurements, if the
inlet and outlet stabilizing fluid temperatures, Ti and T o
are maintained equal during experiments.
A simple test was devised to estimate the extent of tixess

losses in conductors and tubes, the main source of error, during

ot




- experiments in boiling. ..
| With atmospheric pressure in the test tank, stabilizing
_ fluid was passed through the test section._at a ‘steady measured
flowrate. The temperature of the stabilizing fluid was
ma:l—.x;taine_,d_ at a ‘highg:r temperature. than ‘t;he- bulk in the test
‘ _‘_ténk » for diffemﬁt _values. of bulk temperature in the test
_ tank . Under steady state, values of: st:abi‘lizing fluid flowrate ,.
T, To and Tb were measured. .. - |
. The extent of losses and necessary corraction to be appiied

during expaz;imlents‘was‘detamiﬁed ag in Appendix ITI.

It was decidéd tio.d'ﬂtaﬁtina.he'at tiratli‘sf-ex‘"iratas with t:hé.
‘temperature difference beﬁ}eén tube imer-.wal‘l and saturation
increasing or decreasing in éﬁeps of a;;préﬁmatcly 5%, A
predetérmined value of étaﬂilizing fluid tmerature; for the
‘test pfessux;é"ﬁﬁs first chosen and the temperature controllsr
and variac were set to provide this value., A fillly charged
2 velt accumslator was connected to the poténtiometer at least
4 hours prior to the beginning of a test. .

- The stabiliszing fluid pump, D.C. Generator and the
vatuum punp were switched on- for at least 30 minutes before the
start of the test, The output current from the D.C. Generator
ﬁ;s less than 20 Amperes. The voltage on the stabilizing fluid
heaters was adjusted by the variac to maintain the required steady

gtate temperature of the stabiliszing fluid at inlet to the test
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section. The flowrate of the stabilizing fluid was gdjusﬁ/;é ed

| ﬁsing the bf-pasa valve, |

' . The water in the test tank was heated up to saturation |
tempera‘mre for the test pressure, ’the pressure in the test
 tank was reduced to the required test value with the help of

an air leak valve and ﬁnally adjusted with the help of the

g needle valve. Power input to the heat:lng tube was gradually |

. increased to obtain a teuqaerature d:lfferencc in the stabdliaing
fluid between inlet and outlet eqivalent to losses in

~ conductors and mbp#,_ Figure 21. To be able to apply ﬁe
correction fl;an Figure 2%, the nﬁss flow rate of stabilizing fluid
was nmintained constant for the whole duratien oi‘ each experimnt.
h When staady atate cmditions were reached, the follcwing
q:antities were measured in the given order:

‘Inlet and outlet te@eramre ‘of the stabilizing fluid,
bulk temperature of water in the tesft"éaﬁk, cen't'réiiad'j:uneeion
' temperamm, viltage drop across the voltage taps, voltage drop
across the standard resistance . eold junct:ion temperature, v&cuum
in the test tank, pressure in the stabilizing ﬂuid t:ank,

. stebilizing fluld flowrate and barcmetrio pressure.

The height of water level above the tabe surface was recorded
botl_z‘at the beginning and at the end of the test whereas room
temperatures was measured at the end of the test.

~After the co@l‘etim of one test, the temperature canﬁrcﬂler
anid varia¢ were adjusted to correspond to & new value of |
stabilizing fluid temperature. Power output from the genérator

was reduced te abont 20 Ampeﬁs and vacuum in the test tank waé
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partially 'uroken.ﬁ fl‘h;i;s"wé.s dene to prevent;. unnecéssary
evaporation of water from._t.ha tank during the period which the
stabilizing fluid wil; ta'k'e to attain a new value.

H‘esa't:.frénsfer ‘rat‘es'ﬁere de'éemined from intiation of
mnclcate boilmg up to cntz.cal heat flux for pre:ssures of a’nout
1 0, 3.0, 7 0 and 14, 7 psia. The critical heat flux at point C,
!’igum 1, was identiﬂed by negligible increase of heat flux for
further inerease ef stabxlizing finid temperature. High speed
films of bo:.lzng at critlcal heat flux were taken at 6, 000 frames
per seeond, using the Fastax camera for pressurea of apprmmately

1. 0, 3.0, 7.0 ami 14,7 psia.

A nickel ~aluminium/ni ckel-chromium alloy thermoceuple, . 0,002

ineh. diameter butt-welded, was momnted on, a yoke shaped stainless
stecl carrier as described in chapter 2.5.2.. . The thermogouple was
connected &0 the. potentiometer and the distanre of the thermocouple
junction above the tube was —~acuusted.‘ - The carrier was raised
or lowered, as necessary, in steps of 1.258 % 103 dnch. in such a
way that the thermosouple junction always remsined on the‘vert:ical
centre line of the tube, The micromebeéw arrangement is shown
in Figure 22,

Steady state conditions were reached as in chapter 3.5,
for initiation conditions, point B on Figure 1. The initiation
terperaturé was obtained from the experiments described in
chapter 3.5,

The thermocouple junction was taken a distance of 0.1 inch
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above the tube and first reading was tsken. The distance of the
thermocouple junction from the tube wes measured by & travelling
microscope, It was necessary to damp the galvanometer since
the drift due to covection currents was large. The thermocouple
junction was lowered towards the tube in steps of 0.005 inch
and the temperature in the layer was measured by the potentiometer.
Short'ar steps of 0,0025 inch were taken nearer the tube surface.
The nearest position of 0,002 inch. diameter thermocouple
junction was 0,001 inch at which distance the junction touched
the heatihg tube surface. The thermocouple junction~heating
tube contact was determdned eptically by a telescope/microscope
of magnification x 50. Since the outside surface of the junction
was slightly oxidized, it was difficult to ascertain electitical
contact.
| The temperature gradient in the supsrheated layer was
peasured at or slightly below the initiation temperature for
pressures of about 1.0, 3.0, 7.0 and 14.7 psia.

3.1

The yoke carrying one 0.002 inch diameter thermocouple
described in chapter 3.6 was removed and replaced by the
stainless steel yoke carrying six thermocouples. This was
fixed in position inside the tank and adjusted to ensure that
the junctions were in line with the centre line of the heating
.tube. The end of these 0.002 inch., diameter thermocouples were
soldered to extension wires of the same material, 34 SWG, which
connected with the controlled junction tank via the top plate

i




of the test tank. The thermocouple ocutput leads were connected
to the D.C. Aq')lifu"t_ and UV-re‘&_:orﬁer.-

‘The D.C. Amplifiers and UV=recordsr were switched on at
the same time as the stabilising fluid purp and vacuum pump,
1.¢. 30 minutes before the start of the actual test. Steady
state conditions were attained for moderate boiling snd the
aame quantities wim‘meagﬁu& as in chapter 3.5.

The splification on the D.C. Amplifiers was increased to
x 2000. The thermogouple carrier was lowered until the
thermocouple output from the thres (or two) chosen thermocouples
dsplayed large temperature transients on the screen of the
Ml tra~Viclet recordsr. A minimum of 0,006 inch. distance was
maintained between the top of the tube and the centre of the
neai*est‘themocmple junction.

(Lass enclosed heaters in the test tﬂ and contralled
jumotion tank were disconnected an instant before the actual
trsnsient recording. This was necessary to reduce the A.C.
gignal picked up by the 0.002 inch. diameter thermogouples to a
minimum. The recording on film and Uv-funaitive paper vas
completed in about ¢me second, at the end of which the UV-recorder
was switched oi'f manually. | |

The generator and tho stabﬂising fluid pump were switched
off to stop boiling and convection currents in the water near the
tubs surface. Tﬁe distance between the thermocouple nearest
to the heating tube and the top of the heating tube was measured
by determining the vert;lcal displacement necessary for the

thermocouple to contact the heating tube. The accuracy of
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CHAPTER 4.

Sy ———sirvai

RESULTS AND DISCUSSION OF RESULTS.

4,1,1 Heat transfor rates.

Heat transfer rates were detemﬁned for nneléau pool
boiling of water under saturation conditions for pressures of
approximately 1.0, 3.0, 7.0 and 14.7 psia, from the natural
convection region, AB on figure 1, up to and including the
evitical heat flux. As has been explained in Chapter 2, the
use of a stabilising system permits determination of oritical heat
flux without danger of burmout. The éxperimental results are
presented in table 1 to talle 12 and in figures 23 to 27 which
are log - log plot of heat flux v temperature difference between
tubs outer wall and saturation. Three different series of
tests were carried out for each of the four pressures. In the
first series, the temperature difference between wall and
saturation {Tw-2s) was increased in steps of approximately 5%,
The second series was carried out for decreasing wall témparatures
starting at the critical heat flux. The third series was a
repetition of the first series. By comparing the results of
the three series for any cne pressure, it is observed that the
results are consistent and reproducible within limits of & 2%.

The experimental results for the three series at an
average pressure of 1.03 paia are plotted in figure 23. The
experimental results of Braunlich [14] at 1.3 psia, Cryder and
Finalborgo [15] at 0.6 psia end 2.16 psia, Van Stralen [16] ot




1.93 psia and Patten Es] at 0,935 psia are also plotted in
figure 23 for coupar:laon._

The experimental results for the three series at an
average pressure of 2,97 psia are plotted in figure 24, The
experimental results of Braunlich EM] at 2.25 psia, Cryder
and Finalborgo [15] at 2.16 and 4.3 paia, and Van Stralen [16]
at 1.93 psia and 3,87 psia are also plotted in figure 24 for
comparison.

The experimental results for the three series at an
average pressure of 7.0l paia are plotted in figure 25. The
experimental results of Braunlich E{] at 6.0 psia and
8.13 psia, Oryder and Finalborge [15] 'at 8.8 psia, Nishikewa
and Urekawa [ 17] at 6.03 and 9.96 pais, and Van Stralen [16]
at 8.13 ﬁsia are also plotted for comparison in the same figure.

The experimental results of the three series at an
average pressurs of 14.7 psia are plotted in figure 26,

The experimental results of Braunlich I:M:],cryder and
Finalborgo Li!ﬂ ,Van Stralen E.G:] and Nishikawa and Urskawa Bﬂ
are also plotted, for a pressure of 14.7 psia in each case,

in figure 26 for comparison.

The experimental values of heat flux obtained in
this investigation at pressures of approximstely 1.0, 3.0, 7.0
and 14.7 psia are plotted in figure 27 against temperature
difference between tube ocuter wall and saturation. For a
fixed temperature difference (Iw-Ts), the heat transfer rate
increases with increass in pressure. This observation is in
agreement with the work of other authors, Braunlich [14],
Cryder end Finalborgo |18 ],Van Stralen [16 | Nishikava and




46,

Urakava [17],Bonil1a and Perry [16] and Cichelli and Bonilla[id).

In figure 23, the experimental results of Patten [8:[
for a pressurs of 0.935 psia fall slightly on the right of the
experimental values obtained in this work at a pressuxe of
1.03 psia and, therefore, conform to the general patterm. The
stainless steel tube used in this investigation was polished
and, therefore, the surface of the tube had fewer nucleation
sites. Large temperature differences (Tw-Ts) for moderate
boiling are to be expected for such a heating surface,

Kurihara and Myers EO] . The experimental points are,
therefore, on the r:ight of those obtained by Cryder and Finalborgo.
The same observation is made from figures 24, 2§ and 26,

From established boiling up to about 80% critical heat
€lux, the heat transfer rate ¢ may be related to the temperature
difference Tw~Ts by an empirical relationship of the type,

| q o (Mé)x
vhere x is a constant.

The values of x for 1.0, 3.0, 7.0 and 14,7 psia
are 5.9, 5.4, 5.5 and 4.6 respectively. These values of X
may be compared with values at higher pressures obtained by
other authors. Rohsenow @ has suggested a value of 27 37
and Levy Eﬁj a value of 3, Higher values of x at sub-;tmospherie
pressures were expected since the ratio of heating tube
diameter to maxizum bubble diameter was low. Effect of each
bubble on heat flux will be large for large bubble diameters.

Bonilla and Perry E-B:] have proposed a relationship

which correlates the temperature difference (Tw-Ts) to pressure,
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P

for a constant heat flux, The relationship is,

(amp - (am) p¢ o (2
where o .
. {AT), = (Tw-Ts) at atmospheric pressure aad
) : #-specified heat flux in boiling.
~and. . (aT)p = (TwTs) at s pressure of p in

_atmospheres for the same heat flux.

- For a ¢instant heat flux, the ratio %':—%IE for
pressures ‘of 1.0, 3.0 and 7.0 psia, from dquation (2), is
1.95, 1.5 and 1.2 respectively. = ‘The corresponding experimental
values ‘from figure 27 are 1.6, 1.4 and 1.3¢.‘ ' Bquation {2)
fits the expérimental data of Add oms; from|1],at higher
pressures up to 2500 psia satisfactorily. ' Tt may be that the
ratio of temperature differemces may also be dependent on
nucleation characteristics of the heating surface or liquid
properties which become significant only ‘at low temperatures
and pressures. ) | | ’

The experimental values of critieal heat flux in

saturated pool boiling of water in the range 1.0 psia and
14.7 psla are plotted in figure 28. Other experimental values
available in literature, in this pressure range, ara tﬁoae of
Patten [8) for boiling on a wire of 0,018 inch diameter,
Braunlich {14] , Van Stralen [16] for a wire of 0,02 inch diameter,
and Lienhard and Schrock [21] for a wire of 0.02 inch diameter.
The values of eriticall heat flux for water from these‘ referénoes

are also plotted in figure 28 for comparison. The lower values




of critical heat flux obtained by other authors is expected.

It is shown in chapter 3 that for boiling on wires or small
diameter tubes s Bt @ pressure where the maximum bubble diameter‘
is largei than 4 timea the heater surface diameter, the critica;l.
heat flux &cpendslupo.n the diemeter of thé"heat:lng tube or wire
and may be assumed as, ' |

9, ol - d00.156 L . . (3)
B

From equation (3), the ratio of eﬂt:lé_ﬂ. heat fluxes
for a tube of C.125 inch diameter snd a wire of 0.02 inch
diameter, when the bubbles surround the heating surface completely

4t low pressures, is 1.36, i.e. an increase of 35%, in the value

of critical heat flux, over the values for wires of 0.02 inch di.mtJi'

can be expected in this investigation. The results from literature
are modified using equation (3) to correspond to a tube of 0,125
inch diameter and plotted in figure 29. Comparison i3 satisfactory.
A maxirum deviation of » 24% is obtained between the results of
Patten; Lienhard amd Schrock and the values obtained in this

| 1n'vestigntiéﬁ‘§ : ‘

Refe‘renéo'w be made to the curve due to Bémath 7]
at atmospheric pressure, figure 2. From this curve, for a heater
diamater of 0,03 inch or léss, | '

Yer ocl‘d‘oé__ ‘

vhich does not agree with equation (3), According to Bemath's
curvs, for heater diameters of more than 0.03 inch, the effect
of dlameter on critical heat flux reduces gradually until atdiameter
about 0,06 inch, after which the criticel heat ﬂﬁx is independent

of
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of heater diameter. As showr in chapter 5, the heater sice
of 0.03 inch corresponds to a maximum bubble dismeter of 0.12 inch,
for no effect of heater diameter om critical heat flux. At
atmospheric pressure, the maximum bubble diameter cbtained in
this work is between 0,10 inch and 0.19 inch. .
For reasone steted $n chapter 5, provided th#t the P
bubble departure diameter is small compared to heater diamur;
the hoater sise should have no effect on the critical heat flux,
. at higher prassures. .
From experimental results in figure 28, it iz noted
that the critical heat flux increases with increase in pressure.
Also, the eritical temperature difference (Tw-Ts) er. decreases
with increase in pressure, figure 27. The value of _cﬁti';:al o
temperature differsnce at 1.0.psia s sbout 80-84°F, compared with
m g value of 60°F. at 14.7 psia.

4.1.2 Aecuracy of measarement..

4,1.2.1 Heat flux (9)

Yoltage messurement.

The error in voltage measurément due to voltage
fluctuations from the power supply, and due to limits of acouracy
of the potentiometer, was less than 2 0.15%,
cur : rent measuremmt

Error due to change in current drm by the haating
tube because of ﬂuctnanons of valtage across the heuting tube
and average tenq:cratnre of the tube, was less than +1% in the

worst case of boiling wear maximm heat flux. This was
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detormined by measuring the minimm and maximum values of
yoltage drop across the standard resistance over a period of
one minute during the test,
Surface area of tube.

the dlameter of the stainless steel tube, 0.125 inch,
vas assumsd constant over the test length. The maximum
variation was less than 3 0.0001 inch along the length of the
tube. Error dus to edge thickness of voltage taps and

measurihg error in distance between voltage taps was less than

K 0. 3%.
Error in md_snm_ ent of heat losses in conductors and tubes.

Accurscy of the natural convection equation is
4 30%, Maximum possible error in determination of heat losses
due to the use of natural convection equation was léss than
4 25%, sinece the heat energy disaipated by losses in tubes
and qanductors was larger than the heat dissipated by natural
convection, appendix III.

For the worsﬁ case, in the pressure rangs from 1.0 psia
to 14,7 psia, at 1,0 psia (1argest (Tw-Ts) cr. for smallest Yer.)
these losses amount to 10% of the critical heat ﬂlm values.
‘rherafore ’ maximun error in heat flux measuremnt due to error
in estimation oi‘ losses » 2 2. 55.

} If ev, ei, ea and e¢ denote the pcrcentage errors
in wltage, cu:'-mnt,‘ surface area of heating tube and estimation
of heat losses measuremsnts, then error in heat flux measurement

(e, ) 1s obtained by, Wilson zz:],
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i z S 2
@q w  fO,.  + G, % 6, ¢+ 0

from which, a value of maximum percentage ervor in heat flux
measurements is calgnlated as s 2.7%, |

[

4,1,2.2. - _ﬂujter:tﬁbe‘wall _teg_péf&tui‘e_ (iw).

Error :ln tuba inner waJl temperature due to errer 1n
temperature measurement of the stabilizing ﬂuid . & _.12 °r.
(Appand:ix v, ‘ o

_ }Iaxiuum possible error in thermoccmple calibration = 2 0.35 r,
" Masc ram possible emi‘ in intermediate junction -
temperature s 2 0, 05°F
Maximum pessible ‘error in ct&ld junction temperatum = & + 0.05°F,
Therefore, maximum possible érror in average wall

temperature (Tw) = & 0.57°F.

4.1, 42;,3' - Bulk _temperatyre measurement (Th).

Maximzm pcssible error in ealibration . % 0.35°F

Maxi:mm pessihle error in measurement =2 0.1 F. |

Ma:dnnm poss:lhle emr :ln intermediate junctxm

y temperature - 9.05 F

'Maximn possitle error 1n cold junctmn temperature = & 0. 05°F,
' Therefore, ma:dnnnn possihle arror in bulk temperamm | |

‘measurement (Th) = 2 0. 55 !P
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4,1.3 Anal}fsis of high spf;etl_ film reco'rdfé‘ at critiéal heat flux,

One film of 100 feet length was taken at a maximu
speed of 6000 tpa, at critical hen.t ﬂnx in snturated pool
boiling, for each of the four pmssnres, 1. 0, 3 0, 7.0 and
14.7 psia.

The total surface srca of the tu’be available for
boiling was 2,36 square inches. 1.59 sqare inches of this
surface area was recorded on the high spoed films at eritical
heat. flux. Since the heating surface was eyliﬁdﬂcal, only
half of this 1,59 square inches was actually visible in the
films. - Grids were set up on the projected area to correspond
to equal areas of the tube surface. The total pumber of zrids
was 462 over the actual area of the tube of 0.798 smare inch,
visible on the films, Films taken at 1.0 and 3.0 paia were
analysed frame by frame for percentage of heater surface area
in contact with liquid, C

The value of cnltiégl heat flnx for the film at
1.0 psia is 2,6 x 165. B.t.u. per square feot per houy at a
temperatura diffef-meex (M.é) of 84.8%°F. The percentage of
surface area in contact with' liquid fo‘r this pressure is plotted
in figure 30, The time 'aﬁerage pereentagé area of heating
tube surface in contact wifh water is 16.4 » 1.6%. | The
n_taxiwin ﬁalue of percentage érea of heating Surfaca‘ in ¢ontact
with liquid was $2% and the nﬁ.nin,mm‘ value was 0F w‘iﬁ.ch. dic‘i not
last for more than 4 milliseconds, figure 30, 7

The critical heat fiux value for the film at 3.0 psia

is .06 x 105 B.t.u. per sguare feot per hour at a teaperature
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diffgre‘nc‘e of 82.1°F. The percentage of surface area in
contact with liquid is plétted in figure al. 'rhe time average
percentage area of heating tube « water contact is 7.1 3 Q.?%,.
the maximm value was 22% and the minimum was 0% which did not
last for more than 9 milliseconds.

Figures 32, 33, M and 35, which are reproduced from
the high speed films taken under critical conditions at 1.0,
3.0, 7.0 and 14,7 psia respectively, show clearly that liquid ~
solid contact exists under critical conditions. A short length
of the film from each of.ehe' above four films is included as
a supplement to this thesis. From a visual examination of the
f{1ms taken at all four pressures, it is clear that some liquid-
golid contact always existed under critical conditions in |
| saturated pool boiling in these tests, ignoring a short spell
of 4 milliseconds oub of 680 milliseconds at 1.0 psia and
another of 9 milliseconds duration out of 510 milliseconds at
3.0 psia when there was no liquid - solid mntaet If a larger
heating tube area were considered, these short durations will
al8o show some liquid - solid contact, |

These short durations of zero liquid -« salid contact,
which exist due to a small sise of the heating surface used in
exporiments, c¢ould account for departure from stable conditions
in a non-stabilized heating surface.

It is also noted that bubbles are spherical in early
stages of their growth and that bubble departure equivalent
dismeter reaches a value very nearly equal to-the bubble departure

diaméter at low heat fluxes. Actual measurements of maxkmum
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bubble diameter at ‘critical hesit flux are made and discussed
later in this chapter. This observation is contrary to the
suggestion by Zuber [23:] that a change in diameter by as much
as ten times may occur between boiling at critical heat flux
and boiling at low heat fluxes.

It is observed from these films that the behaviour of
bubbles is chaotic both in time and space. After initiation
of a bubble and ‘for a fraction of its total growth period, a
bubble is spherical. For most part of the growth period
afterwards, the bubble is distorted to an unrecognizable shape
and is surrounded by other bubbles. Bubbles touch and
coalesce with other bubbles either originating from the same site
or from the neighbouring site. Not all bubbles grow to the
same maximum size under these conditions. Seme bubbles teouch
and coalesce with other bubbles in early stages of their
growth and do not develop to the sams maximum size.

It is also noted that the removal of the vapour bubbles
from the surface is limited due to the limiting welocity of the
vapour phase away from the heating tube. In other words, if
bubbles could be removed faster from the heating surface, there
will be more area available for heat transfer between solid
and 1iquid and higher heat fluxes will result. This evidence
suggests that the critical heat flux is limited by the average
vapour velocity awsy from the heating surface. The average
vapour velocity will depend upon the buoyancy forces and drag
forces on the bubble.

A further increase in surface temperature of the

heater will reduce the minimum necessary duration of liquid - solid




contact for nucleation and, hence, more blanketing of the
heating surface tekes place. The heat transfer rate
accordingly begins to fall.

Therefore, & maximum limit to the critical heat flux
is set due to hydrodynamic fofees only, i.e¢. burnout is
believed to be primarily a hydrodymamic phenomenon. The
posaibility of a thermodynamic instability is discarded on
grounds that various authors E,:m,zg have observed that
critical heat flux is independent of (Tw-Ts) cr.

Approximate maximun bubble diameters were measured
under criticel conditions, just before coalescence, by the
method of counting squares on the projected image of the bubble.
From this area was then deduced the diameter of am equivalent
circle, this diameter being teken as the maximm bubble di ameter
at departure, These bubble diameters are cdnpared in table 13
with maximim bubble diameters obtained at low heat fluxes in
this investigation. From comparison, it is noted that the
bubble departure diameter vary little between boiling at low
heat fluxes and critical heat flux, The diameter of a fully
developed bubble at critical heat flux was never less than
60% the dismeter at low heat fiuxes. This is not unexpected
gince, as assumed in chapter 5, the departure diameter only
depends upon ths energy available in the superheated layer.
Figures 3, 37, 38 and 39 show one such developed bubble
under critical conditions at pressures of 1.0, 3.0, 7.0 and
34.17 psia respectively.

Measurement . of liquid - solid contact area under

critical conditions was not carried out for pressures of 7.0
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and 14.7 psia.  Since the maximm bubkle dlameters for these
highér pn&sahféé were small, and the bubhbles did not envelop
the hQating surface completely, those bubhles which formed on
the underside of the horisontally mounted tube were found to
#clizb" up along the tube periphery and than to leave the
surface. For small maximum bubble diameters, the average
fi'eQu;en.(:y: of bubble formation and total number of bubbles per

unit area were large. Under those conditioms, it was too

difficult to determine the projected liquid - solid contact area.

4.2 | Temperature gradient in the superheated layer sbove the
 heated cylindricsl surface. '

Figures 40, 41, 42, 43 and 44 ahaﬁ_ th§ tenperature
gradient in the superheated layeij measured above the horizontal.
heated tube. The thickness of the superheated layer, assuming
steady state conduction only, is given ‘_br 8 hmken lina on
cach of these ﬁgumsf ‘ l_?igureﬁ 40, .41 and 42 ghqw the
temperature gradient im the superheated.lmr in tlie natural
convection region, AB on figuro__i. Figures 4.} and 44 show
the temperuture gradient in the suparheaie& layer at initiation.

These figures show that the thickness of the superheated
layer on top of the horizontal tube is thres f.q five times the
thickness given by the conduction equation for steady state
conditions. This is not Vunexpected because of the convection
currents above the heated surface.

Jakob [26] has presented temperature distribution
for a similar geometry. Photqgro.phs show the temperature
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distribution arond a hot hortsontal cylinder in air, using
Schlieren am;d Interferomstric technique. From ﬂgﬁrﬁ 21.12
of the above reference, it is cbserved that the thdrni layer
thickness at the sides and bottom of the cylinder is meli ieaa
than the top of the 'cylindor;' This is due to convection
currents set up in hot air sbove the eylinder. |
'Figure 27.5 of the above reference shovs that the

heat flux at the aide and bottom of the cjiinder ‘in higher
than the top of the cylinder.  Since the thickness of the
layer is larger at the top, the heat transfer rate will be
amaller. | - ‘ |

" 1f the average thickness of the superheated layer
around the tube 1s considersd, the thickness will, obvicualy,
bi leas than sh&um ﬁy neasufemtq for the top of the tube,
in ﬁgurea 40, 41 and 42. ‘

In the established btﬂ.ling region, howaver, these
conveetim currents are very insignificant since the superheated
1ayer is constantly broken by the bubhles growing and departing
from the heating tube. The time average thickness of the
superheated layer at any position ercund the circumference of
the heating tube may be assumed to be constant if measured
under boiling conditions. In other words, heat transfer rate
ngy be #ssumad to be constant afmnd the periphery of the tube.

Figures 43 and 44 show the temperature gradient in
tﬁe superheated layer at iq:ltiation, point B on figure 1.

It is observed that the thickness of the superheated layer is
twice that given by conduction equation, compared to three to

give times in figures 40, 4} and 42, This is not unexpectad
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wnatural

because as expl ained abm,Lcmmti‘nn currents are significantly
less in boiling. o '

‘ Exsmination of the expsrimental points in figures’

40 to 44 suggest that a linear temperature gradient msy be
assumed to represent the tesperature gradient in the superheated
layers

" Gonsider a semi-infinite slab of thickness b,

fabricated from material of thermal conductivity k. 'If the
temperature at its two faces :i¢ maintained at Tw a.ﬁd T,

then the amount of heat transferred across the slab is given by,

YV e kinem) | (4)

b,
. In boiling of liquids, the superheated layer is

_being constently agitated by btubbles growing and departing
. from the heating surface. Due to this constant agitation
gf the superheated layer, heat transfer rate in convection will
be lhigher then in pure conduction. - For the same value of
k, Tw-Tb and by the value of heat flux ¢ will be higher in
convection than in conduction. Alternatively, if the heat
fluxes in convection and conduction are considered to be the
same, then the thickness of the superheated layer will be
larger in c¢onvection due to agitation effects. Therefore,
for convection when steady state has reached after the

departure of a bubhle,
L Kmem) (s)
= w .
where X\ = constant,

and b =  thickness of superheated layer in
convection.




Compartson of the experimental peints and. conduction
.cquation in figures 43 and 44 give a value of Nr equal to
2.0 2 005. In other words, it may be assumed that, in
boiling, the thickness of the superheated layer at bubble
Mtiation is equal to twme the equivalent thic!mesn in case

of pure emduction.

4.3 Analysis of bubble grmh rate and maxitum bubble

&lmter data at low heat fluxes.

. Twenty films, qagh one hundred feet long, were
a;ialysed for Mh rate and departure diameter of bubbles.
Thess films were produced at 6,000 fps. Frame by frame
analysis was made on & LYTEX IV-16 analysing projector,
figure 45,  The overall magnification on the projector sereen
was 1.99 times the original dimensions for films taken at
pressures 1.0 and 3.0 psia, The error in measuring diameters
at these two pressures waé never more than » 0.02 inch.
Bubbles which were spherical during growth were measured .

over the whale growth period. Bubbles which either joined
other bubbles in early stages of their growth or were distorted
for some other reason were ignored during bubble dimeter
measurements, The bubble diemeter for any ene bubble was
measured from initiation up to its maximum size at departure.

" These diameters were measured in two planes perpendicular

to each other and the arithmetic mean was assumed to be the
characteristic diameter of the bubble at any instant of time,

Further, the bubble was assumed spherical and the volume




of the bubkle was calculated from this dismeter. The voluwme
of the tube covered by ths bubble was subtracted from this
volume to arrive at the trus volume of the vapour in the vapour
bubble. Regressionm lines, sssuming v = )\i‘b#a, ware obtained
for these corrected volumes separstaly for cach bubble using
a Ferrant! SIRIUS computer. Also, the dismeter of an equivalent
splou was calculated from the corrected volume.

The overall mﬁcnﬁm on the pmj-etnr sareem
of the analysing pmjuetor‘ was 4,27 times the original
dimmsions for films taken at pressures of 7.0 and 14.7 paia.
the error in measuring diameters at these pressures was never
more than 3 0.0k inch. Since bubhles at 7.0 and 14.7 psia
did not envelop the tubs, correction for tube volume was not
applied at these two p&amma“ Regression 1lines. for bubhle
volumes &t 7.0 and 14,7 paia were also obtainsd for each
individual bubble using the SIRIUS programme. |

The pressure range covered in this analysis is 0.98
to 14.7 psia.  DBublle dianatera, volumes and regreaaion lines
for tubble volumes are plotted against time in figures 46 to 72.

Bubble diameters v time for 16 bubblesa are plotted %o
" a lincar scale in figures 46 snd 47 for pressures ranging
betwosn 0.95 and 1.08 psda. The corvected volumes for these
bbbles are plotted on & log - log field in figures 48, 49 and 50,
and regression lines for volumes are plotted in figure Si.
The exponent of ¢ for regression lines in figure 51 for
approxisately 1.0 psia varies betwess 1.91 and 3.48 vith an
arithmetic average of 2.25. If the diameter of the imbble
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at any time is written as » functiom of tirme in the fom,

X
D = Aot o : (6)

then thﬁ arithmetic average values of Axand X2 , for 1.0 psia;
are 2.24 and 0.7§ respactively. D and t are measured in feet
and seconda mspectivaly '
_ Bubble diameter v time for 17 bubbles are pletted
to a linear scale in figuves 52, 83 and 54 for pressures between
3.03 and 3.08 psia. Tha corrected bubble volumes for - these
buhliles are plotted on & log ~ log field in figures 55, 56 and 37,
and regrésaiim lines for volumes are plotted in figure 3B.
'ﬁm eﬁpéneixt of t for ugréssion lixies‘ plotted in figure 58
for o.pproiﬁmteiy 3.0 paia varies between 0.925 and 2,225 with
~an arlthretic average of 1.418 hm eqation {6), the arithmetic
average values of A snd X2 are 0.51 and 0.47 respectively.
| Bubble diameter v time for 18 bubbles at a pressum
of 7.0 psie are plbtted to a linear scale in figures 59, 60 and
61. Bubble volumes for these bubbles are plotted on-a log ~ log
field in figares 63, 63 and 64, and regression lines for volumes
are plotted in figure 65. The exponent of t for regression
lines plotted in figure 68 for 7,0 psia varies botween 1.073
and 1'.5?6 with en arithmetic average of 1.33. From equation (6),
the arithmetic average values of A. and X. are 0.30 and 0.44
respectively.
Bubble diamster v time for 18 bubbles a% przssures
of 14.23 and 14,8 paia are plotted to a linear scale in
figures 66, 67 and 68, ‘. Bubbhl s voldme for these bubbles are
plotted on a log ~ log B ald in figures 69, 70 and 71, and
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regression lines for volumes are plotted in figure 72. The
exponent of t for regression lines in figure 72 for pressures
pi‘}{.ﬂ& and 14.8 psia varies be_ﬁ-:een 0,527 and 1.607 with an
arithmetic average of 0.9%5, From equation (6), the arithmetic
average values of X and X, are 0.541 and 0.325 _resj:ectinly‘.
The maximum, minimum and average values of X2
and average values of A2 for various prgssurés are ;gbzﬂ.ated
in tahle 14 for easy companlson. | .
The growth rate of hubhlas for 6at:umted boiling at
;atxnospha:-ic pressure were also obtained by Zimola E’a The
exponent of ¢ vavied between 0.25 and 0.44 compared te the
values obtained in this work between 0,176 and 0.33.
~ Such large variations in growth rate ,cf a bubble among
varioup‘ ‘_l‘mb‘bles at the same pressure émﬁrm the non~steady
nature of the conditions existing in the ‘supe.rheat‘ed layer ﬁ_hen
a bubble nucleates, This factor of uncertainty ‘p'meludes
the fe_mmlatiop of an exact physical model. Analytical
expreasiens for bubble:_ growth ‘mtes canpot, therefo?e‘, account
for such wide variations., | |
The average velue of X2 in eqation (6) is fmmd
to decrease with an increase in pressure, in these experiments.
For ;ow pressures, and high initiation temperatures, -the- total
amount of energy of the superheated layer per unit arvea is
larger than higher pressures. The required higl_: initiation
temperatures and high vapour syed:l‘i-: valume ndy, perhaps,
explain large gmeth rates in boiling at low presaureﬁ. |
~ The distance of centre of gravity of the bubble from
the top of the heating tube is plotted in figures 73, 'M 73 and
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6. Time reference for all bubbles at a pressure of 1.06 psia,
plotted in figures 73, 74 and 75, is taken at the time of bubble
nucleation. When the bubble has completed its growth and is
about to leave the heating tube, the position of its C.G. is
plotted v time to a linear scale. In figure 76, time reference
is teken when thé'hubhle is about to leave the heating tube,
at 3.08 psia. This was done Bemsq it was not possible to
ascertain the exact time of initiation of the bubble. 1In
figure 77, for a pressure of 7.0 psia, the distence of top of
the bubble from top of thé heating tube is piot‘ted.' This was
considered necessary since, as_e@laih«d earlier, ‘the bubbles
were found to “climb" ilong the tube periphery while depaﬂ:ink.
From all the eleven bubbles plotted in five figures;
the slope of the distance of C.0. of the bubble with tims is
linear, just before the bubble leaves the heating tube. In
other words, the bubble reaches a constant yelocity before it
leaves the heating tube. This bubhld departure velocity will
depend upon the buoyancy and drag forces on the vapour bubble.
To check this, the buoyancy force was equated to the drag on
the vapour bubble and the drag ceefficient was determined for
bubhles at each of the three pressures, vis. 1.0, 3.0 and
2.0 psia. These axperimental values of drag coeffieients
were compared with the drag coeffieients for freely rising
vapour bubbles, given by Cole [42]. For 1.0 paia, the drag
cosffieient agrees with the experimental value for the bubble
sphericity of 9.89. Similarly, the value of @f: for 3.0 and
7.0 psia corresponds to sphericities of 0,90 and 0.96
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respectively given by Cole E%ﬂ + . These valués show agreement

with theory.

' "4.4 Temature trana:lents in the 113_1:1 near the heating tube,

The temperature transients in the lxquid near the ‘

' heating tnbe associsted with bubble growth and departure v time

are plotf;ed to a linear scale in figures 78 to 90. 'The distance
‘of the bubhle wall from thermecouple junction is also plotted in
| aﬁh case a.nd is shown by hea'vy 1ines.

mg transient recording theruocouple picked wp a
tertain amount of D.C. from the D.C. field in water during
éxperinents in boiling, This could not be ovoided withat
iﬁdmasing ﬁe A.C. pick up te a high level. The extéent ofﬂ"
D.C. pick uﬁ varied from experiment to experiment debending
upon tfhe electrical pen&uétivity of wator in that experiment
and thé yoltage across the busbars, However, during the filming
and feeording period of about ome second during a tést, it
was ‘asmzrmad that the clectrical conductivity of water and thn
voltage across the btusbars remamed constant.

In en effort to dete'mine the change in 5.C, fleld -
pick up when & hubhle covered the themmocouples, a nidfel—aluminium
vire, 0.002 in diametar, wasg mounted instead of the themoeouples
and emeeted to tha rec:ardnr through the D. C. amplifier.

Water which had been used in previous tests, and remained in

the test ta.t}k for more then three weeks, was used for this test.
Under aimilar boiling conditions as the tests for tomparature
tma:(ent i'acordingé,- chenge in D.C. fiold pick up of less than
0-.i§ inch verticel d:iaplacement on the recording paper took place




at 1.00 psia when a bubble enveloped the thamocouple bridge
completely. This was squivelent to less than 3. o°F.
. | Very pure water was usgd in actusl experiments and,
therefore, D.C. pick up and change in D.C. pick up should be
even smaller. However, this change in the amount of D.C.
p;lck;up did not effect the results since teupe’i-atumn_ measﬁremnts
on the recording paper were disqphtinnediafter the bubble o
‘surrou‘ndéd the ;ktendoceuple junetion. Te_mperatuge tranéienfs
of direct interest only ocourred when the junctions wers
‘cmre‘d in liquid, 4nd, therefore, mcasurements of transients
does not include ‘an exror due to change in D.C. field pick up.

The datum on tfansientz records was fixed at saturation
temperature for that pressure. The position of the signal
] thé recording paper to correspond with aaturation t&qperﬁture
was deci ded as follows:

 The smchrammng mar‘cer on the high speed fﬂm and
recording paper synchronizod one particular frame to & fixed
position on the recording paper. A IKC/s time marker on the
film and a 100 /s time marker across the recording paper
throughout the recording ﬁemﬁd made it casy to relate any
particular frome on the film to the correspending position on
the recording paper. o

Buring bubble growth, the bubble wall cevered the
“thamocouple junctiins when the bubble was growing in the vicinity
of the junction. The frame in which the bubble well has
‘gompletely 'covex\ad the themalcauple jimctions was taken as the
" frame corresponding to saturation tempersture on the recording

' péper. The cbrrasponding position of the temperature signal.




on the recording paper was then determined by synchronizing
marker. This temperature signal was assumed to correspond to
saturation temperature and, hence, the datum.

The error, therefore, in temperature position in
trangsient measurement was chiefly due to calibration of
thermocouple ~ amplifier - recorder combination, besides the
error in ascertaining the exact position of saturation
temperature datum on the recording paper,

‘The maximum possible error was calculated as fallows:
Maximm possible error due to A.C. pick up « 3 Q.Os inch,
Maximum possible error in calibration of the ihemocouple -
amplifier ~ recorder combination = 3 0,02 inch in 1.5 inches.
Measuring accuracy of signal on paper record « 3 0.02 inch.

.. Overall accuracy = 3 0.07 inch

= 4 1- 75°F'

Error in synchronization of tims.

Error in synchronization of time = ¢+ 0.01 inch.
Measuring error in time base = 3 O00L "
. Overall error in time « 3 0,02 7

0.16 milliisecond.

= &

Figure 78 shows the temperature variations associated
with a bubhle initiating at a distance of 1.02 inch from the
thermoecouple junﬁtion, Qam millisecond corresponding to
1n:ltiation as time reference. The thermocouple nearest to the
tubs, at 0.019 inch, records a maximm temperature of 39°F. at
18 milliseconds after the initiation of the bubble, when the
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bubble wali is 0.3 inch away from the thermocouple junction,
Maximum possible transient is equal to 46.5°F, ‘¢orresponding to
Tw-Tb. A second maximum is recorded when the bubble wall

is very close to the thermocouple junction. All the three
the:ﬁoeoﬁples recorded rather similar temperature transients but
are separated on the time base., The thérmocouple farthest away
from the top of the tube recorded the temperature mauximum after
the other two themocouples.

.Singe there was no other bubhle on the 3 inch length
of the tube phbt:ogx‘-aphcd ik the test, it is safe to assume that
the temperature transient was ¢aused by the bubhle 07BlL only.

.The recording of a peak temperature long before the bubble wall
reaches the thermocouple suggasts that at the initiation and

early growth of a bubble, a disturbance is transmitted throughout

the liquid. This

At Sy e 1 A AL -
T e T

di sturbs the superheated

lmr and consequently hot 1:lquid is pushed away from the heating
surfa.eo in the form of a te:pemtum "fin® travalling along the

- heating tube.

When the pressure pulse reaches the superheated layer
just below the thermocouples, the layer travels away from the
heating tube at a finite velocity and will take a certain finite
time to travel from one thermocouple to the next., Therefore,
the temperature transients will be separated on the time base.
| In ﬁguro 78, at any temeraf:ure, the separation of
'trmsients recorded by the thermoconples at 0,019 inch and
0. 043 inch nbeve the heating tube is 5 to 6 milliseconds, to

record the same tenq:emture.' If the temperature gradient in
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the layer, the thickness of the layer and the velocity of the
layer perpendicular to the heating tube are assumed constant
during the time the layer travels from one themmocouple to

the next, then the vertical velocity of the superheated layer is
between 4.0 and 5.0 inches per second. This velocity will
depend upon the velocity of the pressure pulse travelling radially
in all directions,

At 17 milliseconds from the datum, the temperstures recorded
bty thermocouples 1, 2 and 3 are 36.4, 1857 and 0.4°P. at
distances of 0.019, 0.03 and 0.043 inch from the tube surface
respectively. = The recorded temperature difference between
thermocouples 1 and 2 is 1?.701"., and between thermocouples
2 and 3 is 18.3°F, both for the same distence of 0,012 inch
between them. Allowing for errors in measurements, the
temperature gradient in the superheated layer is spproximately
linear.

‘ If the pressure pulse is assumed to initiate at the
same tia_ua 23 a bubble, then time token by the pulse to travel
a distance of 1.02 inch is equal to 10 milliseconds. i.e. a
pulse velocity of 8.5 FPS along the tube. Radial growth velocity
of the bubhle O7BlL when first visible is about 6.6 FPS. Actual
growth velocity at initiation will be higher than 6.6 FPS, and
perhaps may be of the order of 8 ~ 9 FPS,

At an average preasure of 1.0 psia, the growth rate

of the bubbles in the visille region, after initiation, for 9
different bubbles, growing at distances between 0.14 inch and
1.7 inch from the themmocouple junctionm,was compared with the
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pressure pulse velocity. ‘The temperature transiemts
agsoeiated with the bubbles so measured are plotted in figures
78 to 85 and the growth rates at initiation and pressure pulse
‘velocities for these bubbles are presented in table 15. By
compariscn between the pressure pulse velocity and bubble growth
rate at initiation, it is found that the two values are of the
same order, |

. The growth rate at initiation was'also measurved at
3.0 peia for six bubbles and compared with the pressure pulse
velocity in tasble 15, The comparisen is similar to results
at 1.0 psia. The temperature transients for three typioal
bubbles at 3.0 psia are pletted v time to a linear sc¢ale in
figures 86, 87 and 88,

The recording of second maxima on figure 78 is due
‘to bubble wall pushing the superheated liquid from the heating
surface over the thermocouple junctions. The presence of

second maxima is alsc shown in figures 80, 81 and 86,

‘Temperature transients in the suparheated layer after
‘the bubble has left the heating surface are recorded in figures
89 and 90.

The departing bubble produces eddy currents in the
liquid resulting in an upward "Lift" of the superheated layer.
Turbulence in the superheated layer after the departure of a
bubble, figure 90, is of low frequency compared to the
turbulence croated in the superheated layer by the growing
bubble. The temperature records shew that the overall effect
of turbulence is greater after bubble has left than the growth phase.




10,

A showm éarlier, the layer has a finite vertical
velocity die to the disturbance created by the growing bubble.
If the spacing in adjacent thexmecouples were increased, the
effect on temperature transients records will be two fold.
Firstly, the separation of trénsients on the time base will "
‘be large as recorded by various thermocouples énd, setondly,
‘the peak temperatures recorded in these transients will
differ greatly for various themmoconples. -

" 'Po determine the temperature variation in the liquid
around a growing tubble, the thermocouple bridge carrying cne
theﬁocauple was positioned at 0. 208 inch above the tube.
‘These experiments were limited to pressures of 1.0 and 3.0 psia
since at higher pressures the thermocouple pick up due to
A.C. and D.0. field in water was large. -

During the film run lasting for about 0.8 seccnd, it
was noted that, at 1.0 psia, only two mucleation sites were
active neayr the thermocouplé junction, at o Twb of 55%¢, which

produced bubbles with their wall towching the thermocouple
junctions at some stage during their growth. | One of these sites
prodnced bubbles which touchked the themmocouplejunction when

the bubble d&i ameter was 0.61 inch and the other, when the

bubble diameter was 1.48 inches. With temperzture difference
between tube wall and bulk, Afwb, eqal to 55°F. mexcimun
temperature in the'liguid arcund the bubble was 3.9°F. above

bulk at 0.61 inch bublle dlameter. The thickness of the
superheated Layer was of the order of 0,08 inch -ﬁnéer;thesa
conditions, For bubbles from the second active gite touching
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the thermocouples at a diameter of 1.48 inch, the maximm
temperature reeorded was l 3°F above bulk and the thiakness
of the superheated layer was of the order ef 0.08 inch. ‘

| . There was only one active site which was‘favourabljr
situated in relation to the thermocouple junction st 3.0 psia.
Thg bubbl.e wali, unfomnatgly, _touci;ec_l the thénnocouple only
aft!er the hﬁbh}e haé giavelépgd t9 & ﬂame;e: 95‘ .9 ;peh. This
ulue is very ne:\;f thé maﬁm I;ubl;le size of 1.05 inch at
tiﬁ# pfessufe. Ferg'l‘w’b equ.al to 42.?"?,‘111&3:&1:&1:11 tmeraturg‘in the
superheated 1afer amund the bubble was measured for ﬁve |
different bubhles. Two bubbles gava maxlmm ter@eratums of
e.bout l o® F. abcva tl:w bulk ﬂuid, while the other three
bubblas gave values of 1 8 3. 5 and 5.3%7, above bulk temperat‘:ure.
The thickness of the layer around the hubble vas estimated at
abaut Q.08 :lnch under these conditians. _

Agsuming that these temperatum gradients in the
supemeated layer near the bubhle wall are[_?aixe amund the
bubble, the model of buhhle grawth agsumed by Bankoff end
Hikesell [:3?3 is nearer the true model then the model of
erifrith [30], chapter $.

‘l‘his mathed of recording temperature trmsienta
using one or more themaceuples could be used to indicate t.hg
exittnﬁce of bﬁbbles when heating surface is not visible §r
higil spéed Camers not available., This method is largely useful
when discrete bui:hles are pmsent, e.g. at 1nitiati;>n of nucleate
boiling regime in the case of water at low pressures.

Ctmﬁmatmn of velocity of propogation of disturbance would




glso permit location of nucleus to be .deduced without the use
of high speed film records.

4.3 Héch_inism pf heat tra:;_sfer in b_ojli:;ﬁ.* N

| In chapter 5.1, based on energy bgl‘arige, it is
shown that the latent hest of the bubble may account for all the
energy available in the sz;parheated layer over an area covered
by the maximmm dismeter of the bubble. Baséd on above
chservations, thé follwing mechenism i proposed for heat
transfer in the nucleate boilihg region for pool boiling of
salturateq. liquids. The mechanism applies to all forms of
keating ‘sui'f-‘aces. )

. With saturated liquids, at mucleation, a bubble is
formed wiich produces a disturbance or pressure pulse travelling
radially in 211 directions. The velotity of the pressure
pulse is approximately equal to the radial growth velocity of the
bubble at initiation. The pressure pulse oreates a disturbance
:m the superheated layer which pushes seme of the supicrheated
layer, nesr the heating tube, into the bulk liquid. The
amplitude of the disturbance decreases as the distance from its
souirge inc'm:tseé.

The bubble at departurd has absorbed all the supe rheat
energy available in the superheated layer over the surface area
covered by the maximum diameter of the bubble, as assumed in
chapter 5.1, Outside the hcater surface area occupied by the
maxi mm diamt.er of the bubble, the magnitude of di sturbance
in the superheated layer is meximum just outside the bubble

| wall. The slope of heat flux v temperature difference curve
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rises stéeplys ' 'An imcrease in.the numbar of bubbles per unit
‘avea has an adciit.ix_re effect on heat ﬁransfer,_ at first.‘

With further inérease of terperature of the' heating
- gsurface, apoint is ‘reached when ':th’“‘ areas of influence of
bubbles interfere with ench other. The net resilt vill be
that the propertional inéma.ae in heat tr_,é.nsfer due "'l?:‘n‘__é‘aeli
lﬁubble decreases with an increase in the number of bubbles,
- Thi _é mégeationis in apﬁfoﬂrn.ate_ agreémen? with the
obsgrvatiéns of ‘Gaerﬁner.and_ Westwater EZBJ who proposed the

- rel ationship, ‘

0.47
g = 1400 W . (7)

whére wa= Numbar of nucleation sites per unit area.
Aceording to aquation*ﬁ?), the amount of heat
energy transfer attributed to cach site becomes less as the
'poﬁﬁlati.on of active sites incresses.

- The increase in bubble population alse reduces the
average 1iquid - solid contact area and consequently an
!ineraase in heating surface temperature will rot increase heat
transfer rates s fast as in carlier steges, The slope of

qv & T decreases. At further increases of superhest,
most of the heat transferred from solid te ligquid will be used
for the generation of bubbles.

| Thus, the rate of bubble generation per unit area
will determine the heat flux for high heat fluxes, The
frequency of bubble generatien from each site smd the number of
sites per unit area, both, have limits. These limits mark

the conditions of peak hest flux in boiling. ' The fregquency
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'Aof‘bubhlé'ge.nerationrfrom ] nw‘:leatim site 15 limited by the
maﬁ:mm possible valocity of vapour depending upon the buoya.nﬁy
and mrag forces, as mentimed in ehapter 4.1. 1 The-‘number of
‘sites per unit area is lzmted by the maximum possible number
of bubbles per unit area. | ’
‘rhe peak heat flux may, therefare ’ be evaluated

| from the la.tant heat transport. The lat-ent heat: transparted |
by tha bnbbles doas not depend on the temperatum dii‘ference ’
Ay, _hnt depends entirely upon the size of the bubtle, number
of bubhlés per undt area, frequeney' of bubbl.es and the |
properties of v‘épour- at saturation temperatureé. Based en these
‘ asmt‘ims; an¢mpivical correlation for j:fediating eritical

heat flux it saturatéd pool boiling is dorived in chepter 5.2.




CHAPTER 5.

rmﬂmxw._ ANALYSIS

Jacob [__26:] proposed that increase in heat transfer rate

in mecleate boxling was due tozzgitaﬁm, Ly detaohjng bubhles, of
the liquid near the wall, Guntheir and xmm_; L2] explained this
increase by, "some form of random nﬂerqécpnvec_:tim excited hy
bubble activity in the normally l'anﬁ.nar sublayer”., Forster and
Oreif '[3] have proposed a Vapeur—li@xidi exchange meahanism by

which a bubble pushed hot 1{quid away from the heated surface.
| Deissler [43;] 2nd Rohisenow and Oriffith E:ﬂ assumed that,
at cn‘.tica’l heat flux, all thé heat trénsferred can be accounted
for as latent heat of the bubbles. o

The only visible difference between heat transfer by

natural ¢onvection and by beiling isg the presence of bubbles in the
latter. Themf’ore,zgﬁdden inersase in heat transfer rate when
bubbl es appear on the heating surface mast be due tzo the presence
of bubbles onljr. No matter whieﬁ m&hanism of heat transfer in
boiling is accepted to account for high heat transfer rates, the
tubhle growth rate and maxinum bubble size mest play an important
part in it. Xt wes, therefore, felt necessary to derive a suitable
relationship vhich may predict the maxirmm bublle dameter in poo_l
boiling.

diameler

5.1 Prediction of departyre/of bubllles for nucleate pool boiling

of Watex‘;;
5.,1.1 Frevious work.,

Frits [2?] proposed an empirical relationship to predict
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o
I

maximm bubble diameter which was obtained from static mechanical
equilibrium of a bubble attached to a flat surface, and expressed
in the form, .

- a | o . : : :
D {: }\3-%_[%(&"?")] ‘ ‘_ . (8)
. where o o
D » Maximm diameter of the bubble.
_.@ = Surface tension.. ‘
.. P e Density. (¢ o liguid, v = vapour). |
and & = Angle of contact.

‘Griffith [30] considered heat transfer rate to be the
‘detenmining factor in bghhle departure diameter., He formulated a
_ mathematical model of bubble growth on a flat heated surface. The
following aasumptj.uns wore made qunceming the asymptotic stages
- of bubble growth:-:;

4 a) The growth of the bubhle is primarily dependent on the
~heat trausfer from the liquid to the bubble wall.
b) The fluid flow field around the bubble is laminar,
¢) Letent heat of vapour is large compared to superheat
enthalpy.
d)  Bubble growth rate takes place at constant internal pressure.

The greﬁth is a result of evaporation at the bublle wall
and the heat to produce vaporization is conducted from the super-heated
liquid. | |

e} The bubble is hemispherical during growth.
From assumption (b), the equation expressing the heat

transfer i3 the general conduction equation,




.

LA A E AL B
. ‘_  Rate of evaporation and rate of growth of bubble were
‘yelated to obtain an e:qaressioﬁ fg.'r the velocity of the bubble wall,

The expression for velocity, the conduction equation and boundary

conditions specify the mathematical problem., The results are
expressed in terms of difiensionless parameters of radius, time and
velocity., The final solution requive substitution of an empirical
constant., The author suggested that this relationship ouly holds
good for moderate pressures sivce the assusptions are not valid at
low and high pressures. .The results fit data for bubble growth
rates at atmospheric pressure.

‘Bankoff and Mikesell [3I] essumed a model of bubble growth
rate in which the bnbhle originates entirely within the superheated
liquid into the bulk., Irrotatinal radial flow deseribes the
motion of the fluid surfmmding the bubble. Bquilibrium.between
the vapour phase in the bubble and liquid bubble wall is assumed.
Starting with the conduction equation (2) and several boundary
conditions, Lagrongian coordinates are introduced to facilitate
the solution of the equations. Solutions were found for twe
temperature dfstridutions, a linear and an exponential distribution.
It was also assumed -that liquid remained at a constant temperature
everywhere except in a thin layer surrounding the bubble. . Thus
the volume of fluid experiencing the temperature gradient is small
compared to the volume of the bubble, The volume of the bubble
boundary layer parameter was obtained empirically from actual

bubble grewth rate data, Bubble growth rates for saturated boiling
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were 'p'mdictéd successfuily at étmospheric' préésﬁm, but not 'fér
subcoaled boiling. | | R
‘Zuber B2, 33) eonsidered the Taylor instability of a
1iquid = vapour mtgrfgce_ in ngclegte p_oe;l_ hoi_ling under critiéal
‘conditions. The liquid ~ vapour interface was treated as a vave
which éan be stable or unstable aeconh.ng o whother the wavelength |
is shorter or longer then the cmtlca_l value. This critical wavelength
i'sgive_n"b}.'.' . ‘ P L

) Wavelemgth = o T{%m ?v)‘} ()

Vapour Tslugs" are approximated by gspheres of radius equal to a
quarter of the wavelength, dnd under critical conditions s the limits

. for diameter of bubbles are given by,

. L L
s T-é YU L S
L) m. e &%) ) - 1)

Stanisnewski [34:] proposed the follo-udng ralationsh'lp

r..

between bubhle 3 ameter and lmbhle grwth rate, based on ezq:elimanta.
observa.tions. He obsarved that bubtﬂ.es with higher gruwth rate, at

the same pmssure, grew to & la.rger maﬂrmm diameter, viz.

4D

b - 00"71 "&(S’L'Y\r)‘k (+ °rAes W] | __(12)

Nishikaws and Urakcawa |17] proposed a relationship for

bubble departure diameter as a function of system pressure only,

D = 0.672 p o575 '- (13)
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where diameter and pressure are meagmrad in in¢h and pounds per square

inch respectively. This relationship successfully correlated the

experimental value of departure diameter of bubbles, obtained by thu
flat Platre-

puthors, for beiling on a @ betwaen pressures of

6.0 and 14.7 psia. 7
Chang [35] derived a relationship very similar to that of

2.Cg ‘} |
I {1 (e ) (14)

wvhere Cs and Cg are coefficients of surface tensién and buoyancy

Zuber, viz,

forces respectively, and are ¢onstants.

Semeria [36] correlated experimental data for pressures
between 2.0 and 20-0atmospheres absolute using a relationship similar
in form to that of Nishikawa and Urakawa, For boiling on a wire of
diameter 0.0315 inch, he obtained
b = 0,242 p-& (15)

where D is in inches and p in psia.

Semaria [&’.ﬂ later correlated experimental data for
pressures between 150 psia and 2000 psia using a similar relationship
of the type, equation (15). The exponent of p, however, was
—1.53 instead of -0.5, and the value of the numerical constant was
37.6 instead of 0,242.

Correlating equations (8), (11) and (14) differ from each
other only by the value of the constant. For an angle of contact of|
450, equation {8) is tabulated in table 13 for comparison with
experimental data. A change in maximum bubble diameter by only 7%

is predicted, from these three equations, between pressures of 1.0
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‘and 14.7 psia. Equation (8) is plotted in figure 91 for comparisen
with experimental data. According to these results, therefore,
these equations do not account for major features which determine
“maximm bubble diameter.

-Selutions in the form of dimensionless integro-differential
equations given by Griffith [30]and Bankoff and Mikesell [3i) requirl)

empirical constants before a solution ¢an be obtained. Equation (1
was proposed to accomnt for different values of maximum bubble
diameter, obtained in Staniszewski's experiments at 14.7, 28 and

40 psia, at the same pressure. This equation, however, does not
predict the effect of pressure on maximum diameter of the hubbie any
better than equations (10}, (11) and (14). ,

Equations (13) and .(15.) indicate & simpler type of
éorﬁlation which might be used in predicting bubblie diameter at
break-off, ﬂnce pressure of the system takes into account the
property valﬁe changes fof liquid.gnd vapour, under saturation
conditions. However, as shmm in figure 9, equations (13) and
(15), themselves, did not fit the experimental values presented here.

5.1.2 Prediction of bubble departure diameter.

For pool boiling under saturated conditions, the latent
heat energy of the vapour bubble at departure cannot exceed the
total superheat energy available in the superheated layer, since .
there is no other source of energy near the heqting surface, if the
amount of heat conducted from the heating surface to vapour is
assumed to be negligible. This assumption is justified since the
thermal conductivity of water vapour is less than 4% the thermal
conductivity of liquid water. The temperature difference Tw-Ts is




low and, hence, the radiation effects are alsoc negligible.
. The following assunptions are made which are considered

reasonable: .

1) Heat conducted or radiated into the bubble from the heatin&

.. surface is negligible, . |
. 2)  Total latent heat energy of the lubble at departure is .

equal to the thérmal -enorgy, above saturation texperature,

of the volume of superheated liquid displaced by the bubble.

With these two assumptions and the results obtained in
chapter 4.2, the meximum diameter of the vapour huhble is prodicted

for two surface forms.

$1.2.01  Flat hoating surface.

From equation (5) the thickness of the superheated. Yayer |
is assumed to be ’
b = k (Tw-Tb)
Y

whers A 1s an empirical constant dednded from experiments.
Also, from chapter 4.2, the tenperature gradient in the
superheated layor is appm;zimtely-lineaf{ Thermal energy of the

superheated liquid above the datum of saturation temperature is, the:

Q 1iquid = T{;.D:. k- 5T SNBATTTIC Y (16)
. . % o z '

where D, » Haxiuunn bubble diameter from a flat mfwe. |
Assuming ‘the bubble to be perfectly sphax;ical,, the J.atex;t heat energy
of the bubble is giveﬁ by, | |

Q mubile = L. Df LR ()

refore,
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From equations (16) and (17),

» )Mm N e

t ° 4
i‘he value of N obtained from experiments on cylindtical

sﬁrface,- chaptar 4.2, is 2. Assuming that ‘the value of ?\‘ for flat

mrfaees and cylindﬁcai surfaces to be the sama,

';hen, b, - (C» )Jk S o a9

5.1.2.2 _g—nndr.teal tubs or w:u-e. |

—d-unm

If the bubble surrounds the tube completely, the thamlal
energy of the 1:1quid displa.ced is given by,

JesT 8T A
N AT =™

Q ngpm . Wdo DT (20)

if it is 'ase,mnie& that the thielu;e;gs of the sups rheated layer 4s small
| compared to the diameter of th§ heating tube or wire where
do = Outer diameter of the heating tube or wire.
and. D¢ o Maximum diameter of the bubble from tube or wire.
For & spherical bubble, latent heat energ is given by
equation (17). From equations {17) and (20)

. 340( )(?L),k @Y A

Using, as previously, a value of 2 for . A\ chapter 4.2,

N 8] N 5

5.,1.2.3 Gonggﬁson_of predicted results with experiment.

(2a)

Equations (19) and (22) are compared with experimental values
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of bubble diameter obtained in thia work and from Patten [25:[ in
table 13, Colum 4 of table 13 presents e::pe;imntql values of
bubble diameter ob,taiped if‘romr_a _wim of 0.018 inch di.ameter [25:], :
and from the 0,125 inch diameter tube used in this investigation.
Column ;‘i_shws ‘t‘he. predi‘ct;d values of bubble diameter from equation
(22) where the bublle surrounds the heating tube or wire. Colum 6
shows the diameter of a bubble from a flat surface obtained from
equation (19). Comparison of e@eﬁmental-reﬁ:lts with the
predicted values is satisfactory. The maxizum errer in predicted
values never‘ éxceé&ﬁa 228,

'Ecgzatioﬁ ‘(19) is applicable to flat surfaces only ﬁlﬂ.la

equation (22) refers to tubes and wires when the bubble completely

surrounds the. heating tube or wire. Bqation (22) predicts that if|

the heating tube or wire diameter is increased, the departure

diameter of the bubble will also increass.  This is in agreement wif

th

experimental valués, Patten [28] oirtaiﬁecl a value of maximm hubblL

diamater of 0,70 inch at 0.935 psia, from a heating wire of 0,018 in

dlameter. In this work, the maximm bubble diameter of about 1.8 inches

1s obtained at a pressure of 0,95 psia from a tube of diameter 0,125
At some value of heating tuba diameter, for a particular
pressure, the bubble will not surround the tube canmpletely and
aquation (22) will not be valid above this heating tube diameter,
Assuming that the heating tube surface can be approximated te a flat

surfage above this heater diameter, equatiom (19) will then apply.

From this asswiption, the maximmn bubble diameter from a flat surface

will be equal to the meximum bubble diameter from 2 cylindrical surfice

for a particular value of the cylindrical surface diameter. This

inch.




.value of tube diameter will correspond te the poi_.nt: where equation
(19) becomes velid instead of equation (22), To determine the .
relationship between the bubble diameter and heating tube diameter
when equation (519)< replaces equation (22),_the two equations are
compared under éimilar conditions of pressure, temperature and heat

flux to give

From equation {23), the diameter of the heating tube where
the bubble dismeters from fiat and ¢ylindrical hesting surfaces are
equal is obtained by replacing D by Dy

n-, = 4do. ¥ | ' (24)

From preaeding assnmption and equation (24) 1t appaars |
that the bubhle does not surrmnd the heating tube conpletely when
the mximum bubhla di emeter is equal to 4 times the heating tubc
diameter. At this point, equation (19) may be used to predict
maximn bubble diameter instead of equation (22).

| From a visual examination of high speed i‘ilma, the
max:l A bubbile di emeter of 0.5 inch at 7.0 psia d:ld not surround the
0.125 inch diameter tube completely confirming the assumption made
ebove. |

If the meximum diameter of the bubble from a tube or wire
and the ‘diameter of the tube or wire is known, then, from equation |
(23), it is a simple matter to predict meximum bubble diameter from
a flat surface under similar experimental conditions.

| Also, if two tubes or wires of different diameters are

used for poal boiling under similar conditions, the diameter ratio




of the bubbles is given by,

Doy |

D, o S - (28)
where ¢, and d, are the outer diameters of heating surfades and
Dr, . and Dra . thelr corresponding maximum bubble Hameters for a |
given set of experimental conditions.

The maximm bubble diameter values from wires and tubes arg
modi fied to eomapénd to a flat surface using equation (23) and
tabulated in ccdlum 8 of table 13. ' Colurm 8 shows that the derivad
maximum bubble diameters for a .ﬁatl- surfate from experimental values
of Patten [25‘3 for a wire of 0.018 inch diameter, and this work for
a tube of 0,125 inch diemater agree satisfactorily., Unfértunately,
there are no experimental '\ralues: of bubble diamoters available for ¥
flat surfaces at low pressares and a direct comazisoncaxmot be made,

Theso correlations for maximm bubble diametors given by
equations {19) and (22) depend upoﬁ the experimental values of heat
flux and temperature difference between wall and saturation. From
table 13, it is noted that the e@eﬁmental ‘and predicted vslues of
maximm bubble diameter at criticsl heat flux agrec well and are
only slightly less than the diameter of bubbles st low heat fluxes.
It will, therefore, be reasoniable to assul:m éhat the maxlmm bubble

diameter is approximately constant in the boiling regiom.

5.1.3  Second correlation for bubble deperture diameter.

A correlation has been found which does not require
experimntai values oi’ heat flux and tempai-ature diffé_i'ance.

Available experimental results are satiéfactorily correlated by an




equation of the type (14) modified by 2 tem (p/per.). This

. "
S S
D = Aa ('\3:.,) EUL’?V)‘X'

and in this fom it refers ta flat surfaces only although it ean

equation is,

obvicusly be modified by constants in equations (23) and (24) to
apply to wires and tubes. . ‘ . .

Tha acceleration due to gravity temm is assumed 1:0 have
no effect on the maced smam bubble diameter. ~ This assumption is
reasonable since, it was assumed in developing equations (19) and (22)
that the maximum bubble diameter only dependq upon the enez‘gy
availahle in the - supe rheated layer. However, the gravity temm will
have to be eonaldemd in detemining the bubble velocity at departurea

From exPerimentaI values of maximum bubble di_ametgrs qbta;nnd
in this :invesfigation, suitable values for Asand Xi are 9.1 x lbks

and -1 respectively. The resulting equation is,

- n = 0.-0091(?%) [’G?S’_ﬂi N | (#6)

" The values of surface tension, ¢, were obtained from
experimental results of Volyak D’?:I in the temperature range from
20°¢. to 374%. | -

Bxperimontal results of Semaria I:.?»E','. 55] Staniszewski [34}
and modified results of Patten [25] and this work to correspond to
flat surfaces are plotted in figures 91 and 92. Equations (8), (13)},
(15) and (26) are also plotted for comparisoen .i_n‘figure g9l and
equation (%) in figure 92. Hquation (26) is alsc tabulated in
colurn 7 of table 13.
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Compari son of equati@n‘(%) with experimental results is
| more satisfactory than existing correlations in the pressure range

‘between 1.0 psia and 2000 psia.

- 5.2 Prediction of critical heat flux in saturated poal boiling.

5.2.1 Previous Work.

Addoms [38] derived a t_;-drrel_htion by @ mensional ‘analysia
inwhich the avei;age volumetric vapour di sengaging rat;.e per wnit ared
of heatiﬁg surface is é'i‘uncti_o.n of buoyancy tem and the 1jquid
thermal diffusivity. The correlation is expressed as,

i [T

‘ y y | |
A Se-Ty .
Q. = As t?v[;} ?;5,.] .ﬁ_g_gu___] o : €271)

| Kutateladze Biﬂ] considgmdth‘a;lkwdmdvnamic motic;} of a
non-viscous two pﬁase flow in terms of equat‘iuﬁs of motion of both
phases, By dimensional analy‘sis‘, the author arrived at the
following cormiation, | |

Ny ' Va '
4. - (2o LT (2306 (R B £

where . = Conversion factor.
~ end 0.13 and 0,16 are empirical constants.
Borishanskii [40] comsidered the stability of a liquid jet

surrounded ob-ax:lallﬁ by the vapour phase méving in opp_osite ¢ rection.
The effect of viscosity was included and similarity criterion derived
from dimensional analysis. The effect of viscosity was found to be

small., The expressions derived were,

Ne = T Fox 7 | | (29)
LS [¥'e (?g—‘iv)] /4 :
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o
N S (30)
S (B0
amd Ao s 013 + 404 o ()

Do aslor Eﬂ;l agsumed thiat oil the heat cnergy in boiling
is uaad f:o form vaponr and that the critical heat fux conditions
eummﬂ whm succassiw bubbles ;eaving the surface touched and
coalesced. ‘The veloeity of vaponr- bubbles was c!etemine& by
aqueting buayamay and amg forces on the va,punr huhble. Using tha
Fr.l.ts relassionship for departum diazaeter ai‘ 'y buhbla, the following
expmaaim wes abtained, | |

You, = A LS E"i{(*’r?v)r (%) | (32)

whera en = }m;g caafﬁcient ancl 4, - Angla of t:entmet.
It was asmzmﬁ thet tha drag awi‘finient

¢ o« § (?" ;’: D) o ‘ (33)

where Mv = Viscosity of vapour
Vi o Yelodty of bubble,
The velue of D dn siuation {33) was obtained from equatien
(8). The velocity of the bubble Vb was determined by aw&ting the
bugyanty fama on tha hubble to visecma drag,

4 "((f 'vaD . )
v = = J AL et . {34)

Fv

' From aquations (32}, (33) and (34),

| .

Yer. R g . } (38)
= 2. 4

L (g (s )™ mlataen)]

o
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R'_ohsenw.a'nd' _éﬂfﬂth E&ﬂ also assumed that gil the heat’
tran;femd un&er critical conditi ons is used in forming vapour.
The pmdﬁet of bubble frequency and lqubi:le diareter was taken as a
constanﬁ and e buoyancy term was introduced i:o_ account for the

vapour velocity. The relationship derived is,

| | | o |
Ner  _ \am u~%'l | :
LSy * ['?\*_ S B : - {36)

N The value Iof constants 143 and 0.6 for the buoysncy term
warg obtained frpm experimental _valuesl.. Iz was noted by Ivey [133
thaj: this mla.tionl does not contain an .aceeleratioﬁ t‘em whereaé tﬂe
. magnitude of the acceler;*xti.en due to gravity does effect the
critical heat flux significantly. _

Zuber E32, 33 4g derived the following relationship for
eritical heat flux in pco}; boiling,

| L
For- = X, L?v [1%°fo'- ?"ﬂ \—_?-r?\f] (37)

| The analysis was based on ‘tae Taylor instability of a liquid - vepour
jinterface which réquires no solid - liquid Ieontact. Various authors
have found liquid =~ so_lid contact under critical conditions ES, 4§] .
Stein [47] has shown that Zuber's model is not corpatible with the
Taylor requirements for instability.

Chang and Snydef (4] considered the equation of motion of a
bubble. The model used under critical conditions is shown in
figure 93. It was assumed that wheh one bubble detaches from one
site a new bubble initiates at the neighbouring site. Mass
acceleration of the bubble was equated to its buoyancy force snd the
oquation integrated to determine the time t in which the bubble will

the .
travel a distance of 2D,/ assumed distance between successive bubbles.
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The analysis was similar to that of Deissler and gave, -
.o g (E0)4— | -
o= (x 5 e
The' value of ¢t was obtained from,
- 4D4y | o
t = P : . T {39
J %U”-"fv) | (33)

and the value of & ametor was obtai.ned from equatlop (8} Using

publlshed data for ccntact a.ngle, the i‘inal e:-:pression takes tha fom.

'qq,f - (037 — a.zs) \.?o E‘r%of (fe- ?“ﬂ " (46_)’

Chang and anyder, loc.cit. alse consmered capillaxy waves
'whifeh vere postulated to otcur at _t;ha interface of the bubble and
liquid d’né. to the relative motion of the bubble. For two non~viscid
liquids ﬂowipg in parallel vertical 'st'reaxﬁs, tixé intérfface becﬁ;més

unstable when their relative velocity is [4],

. ¥ . .
f —'?u ? *"‘?V ’
Ve ["“ : )] = ] o (a1)
‘Yapour velocity is doduced from the bubble geometry shown in figure
93 as,
Vr ' . )
Wos g “

from equations (8), {(38) and (39), the relationship is,
Vor. = T LW A | (43)

‘ 3’:§imre Vv e Yapour bubblevelocity.
From equations (41) (42) and (43),

L
Sv
c%r_ - 0145 L% Ei'%ﬂ'(ﬁ’?")] w ] : (44)




Chang EB] Z!.at;elesug_gesﬁe@ the following correlation for

‘salturated pool bhoiling, negleeting wiscous forees, .
‘ L
| o (Be-8v) |* |
Yo = o3 {T0hv - L Y. TS (45)

~ Berenson Eg postulated a model of contraflowing calumns
of vapour and liquid, The following expression is obtained by

minimzing kinetic energy per unit' time 4t a horizoital surface.
§e, 5, ? v ) |
- xg LSy [_na T(?u—?v)—_\ [ : ] L : (; )\ (46)

The analytical model is similar to Qhang- and Snyder.

It has been shown coneiuéivély' in cllls.ﬁtef 5.1 ;‘:haf ﬁhe: '\
Frits equatxon (B) which does not take inte account the bLhevmal er\é@g
=Sze=tx, does not fit the expemmental data ia the Suh—atmospherjc
région,,and at pressures abwé'atmfos;:heric. | |

In Deissler's éoi'fela,ting‘eqﬁation (38), the Fritz
relationship has been used for diameter of a bubble. Therefore,
this eorrelation.is of little value. Rohsenow and Griffith's
cerrelation, eguation (36) does not contain an aceeleratmn tem
which Ivey Etl] has proved as an essentl“l fgatnre of critical heat
flux, Therefore, this equation is open to question.

Zuber's correlation, equation (37_}‘,_ depends upon the
‘Pa}lor’ s instability which reguire no liquid -~ soclid contact, it
hos been shown in chapter 4 that such contact definitely axists
under critical cenditiens. Heuce ,‘the derivation of a correlation
based on an unsound model is also of dubious value.

The model used by Chang and Suyder to arrive at equation

(40) and (45) and by Berenson to deduce equation (46) are not
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compatible witii the observations on b.igh' spéed film taken at critical
heat flux. .Photegmphic evidence at critical heat flux indicates
a chaotie behaviéur of the two phases, therefore, tﬂe postulated
bubble geometry cannot be valid and the resulting equations are open
to quasﬁon. ' _

The correlations which have no apparent invalid assumptions
are those of Kutateladse énd Borishanskii, eqgtions (28), (22) and
(30), aﬁ'ived at through dimensional analysis. A'ssunﬂ.ng the
viscosity effects to be negligible, the equaﬁion-s of Kutateladze and
Bor:lshaﬁskii are the sams, The value of critical heat fiux from
equation (28) is, therefore, blocted in figures 29 and 94 against
pressure, Experimental vdlues of eritical heat fiux in the sub~
atmogpheri¢ region, obtained by Patten and Lienhard and Schrock,
are modified to correspond to a heater diameteér of % inch using
equation (3), as shown later in this chapter, and plotted in figure
29 along with the experimental values obtained in this investigation!
The experimental values of critical heat flux obtained by Kagakova
Eé__] and Morogov E.'i] are also plotted infﬁgﬁm’ 94,

From figure 29, it is noted that ’;the correlation (28) does
| not fit the experimental data. At 1.0 psia, the experinental value
of critical heat flux is about 90% higher than predicted by equation
(28). It is, dherefore, considered necessary to derive a more
suitable relationship which may predict the critical heat flux

values over the entire pressure range.

| 5.2.2 griticsl beat fiux in saturated posl boiling of water.

It has been observed, chapter 4, that the process of heat

transfor under critical conditions is apparently chaotic¢ both in time
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and in space. However, there are certain cutstanding features
noticable even under critical conditions which ¢m be generalized.
From these features, a model of heat transfer under ¢ritical conditions
4s proposed. An empirical correlation, bassd on the model, is
derived and the value of various constants is obtained from
experimental results. ; |

| As assumed in chapter 4, the critical hest flux is
limited by the finite velocity of the vapour Sﬁbble- awsy from the
héating surface. Bubbles form on the hentzing éur,face when space i
provided by departing bubbles. Therefore, the rate of formation of
bubbles is equal to the rate at which they can be removed from the
he‘a,ting‘ surface. The velocity of the vapour bubble will depend
upon the buoyancy force and drag on the bubble. As shsumed in
chapter 5.1.2, the bubble latent heat energy accounts for all the
anei-g available in the superheated layer displaced by the bubble.
Therefore, it is assumed that, under critical conditions, all the
heat transferred from the heating surface is used in the production

of wapour.
3
Yor =% D7 - A

(47)
where W, = Number of bubbles per unit area.
and 4 - Average frequency of bubbles,

As discussed in chapter 4, under critical conditions, a
maxirum limit 45 i-eached for no. of bubbles forming per site and
the total no. of such active sites, Maximm possible no. of bubbles
will occur whea bubbles touch otharl bubbles in both planes and

coalescence occurs between bubbles from the same site, Therefore,




under idesl conditions,

' . - o
" vhérer ¥ = . Avérage velocity of vapour away from the

' heating sqijfgee;

‘Boiling conditioms are chaoti¢ and bubbles do not geta:ln
sphexical shape in later stages of growth. Also, all bnbhleé are not
of the same size and they do not necessarily touch other tubbleés on jall
sidew, all the time. A constant ‘factor is introduced to account

for this deviation from ideal ‘conditions, -

| N .
‘ - . ’ oV : B )
amd £ s >l'—5— | o (52)
Fron emation (47), (50) and (51), -
T xe. Mo, L% |
Vi, = ¢ Ao - M : LS V - (52)

| ‘ As plotted in figures ?3; _?4, 5, 76 and .77 and discussed
in chaptéz; 4,- the vapour bubble ve;enit‘y reaches a congtant value
before the bubbl.és leave the heating tube. Therefore; to determine
the ‘vyeleeity of the bnbblé; bucyandy force is e_guated to drag forees

to give,

3 vy 2
10’;—?\:)‘1{ D= Cp T‘;E D [" T Vb} (53)
~ % -{32 30|
W o (54)

where Vb « Velocity of the bubble at departure.
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_ The use of ¢y 1n detemining the bubble departure velocity:
| hes been suggested by Deissler [4l]. The experimentel results .
obtained in this work support =m Deisaler' s view that, under critica]-
conditions, bubhles are mostly surrmndgd by other vapour bubbles on
all sides. - Therefore, vapour density is used in detérmining drag onm
the vapour bubble. |

The ‘bubble velocity as obtained from equation (54) can be
used in:equation (52) only if the bizbbiea wera perfectly spherical:
and all bubbles were of the sanie'-iae‘.- . .Since no:such regularity was|
ohserved in size and.shaps of bubbléa-tmdei- eritical conditiens, .it
will be reasonable to .assime that actusl average velocity of the
vapour slug is some function of bubble velocity.. Assurdng that the
drag coefficient i§ constant over the pressure range, equation (54)

may be written

o l So-$v)
e An [D' T kt _X ' (_55)
From equations (26) (52) and (55),

. ' lll '
EPREN ?(fr’?v
_.f.;- = M:.{ \-,UL'?”\ ‘ |

embiric ol
The[values of Aw and X4 viz. 2,44 and 0.303, are obtained

- (56)

from experimental deta of this investigation.
313

ot
e =”‘*Q )[u,.—ml Tt l (s1)

Sv
" EBquation {57) is plotted on figures 29, 94 and 95 for
comparison with e@eﬁ%@:ﬂ dat_ai; The comparison is satisfactory

17 it con be assumed that some very low eritical heat flux values




obtained by Kazakovd 56] could be ,&ue to yrémature burnouts -
‘This was possible since no stabilizing system was used in -

determining ¢ritical heat fluxes.

5.2:3 Ef'fé-’ewf: heater diameter on critical heat flux,

From aquatmn (5?) crltical heat flux is related to the bubble

chameter by the relationship ¥ for fixed pmssure c:ondinions. |

o 3|3

For L > . L . {88)
For eylindrical su rfaces when the bubble envelops the

heating surface completely, . from equ@l:ion (22),

D oL dh o (59)
me equa,tions (58) and (59),
DSk -
Aec oL ,d" (3)

From equation (3), it iah':elaar that criticel heat flux
will decrease with a decrease in heating wire or tube diameter at
pressures where the maximum bubble diameter su'rrounds the heating -
surface completely. Assuming this to be true, the experimental
values of critical heat flux obtained by Patten [8] and Lieénhard
and Sehrock [21] may be modified to correspond to 0.123 inch diemetor
tuba, used in this work,

These modified values of critical heat flux are plotted -'in
figure 29 for compari son with predicted values from equations (28)
and {(57). In figures 29, 94 and 95, the predicted values from
equation (57) compare favourably Q:Lth e:q:erimentai data, Maxirum
I‘ deviation of experiaﬂntal values from predicted values wag less

than z 30%0




CHAPTER 6

CONCLUSTONS

These studies are conﬂned to nucieate boiling of water iu
the sat;urated state from an clectrically heated stainless steel tube.
Nucleate boilmg heat transfer rates up to and including eritical

heat fiux have been datemned for satura.ted pool boiling of

deionized water between pressures of 1.0 and 14.7 psia. A stabilizing

fluid flowing through the 0,125 inch d:i.ameter- s*ainless—steel tube
‘prevented excursion into the film boiling region during these tests.
Heat transfer rates are presented for pressures of 1.0, 3.0, 7.0 and
14.7 psia. | |

| High: speed films taken at 6000 FPS uéing e Fastex camera
showed that, at critical heat flux in ﬁool boiling, liquid-solid
contact existed throughout except for infrequent extremely short
infervals. The presence of these ext:i.‘emly short intervals may be
due to the small heating surface area Considered for these measuremen;
These short intervals may disappear if a larger heating surface were
c'onsidéi'ed' for measurements of this nature. This ;‘:guld ageount for
departure from stable conditions on a nmmstabﬂize&_hgat,ing surface.

Under eriticd conditions, bubhle béhavieur ig chaotié both

in time and in space. No model can éorrectlﬁ aecoﬁnt for the actual
bubble behaviour dnring bubble growth and dzpa.rture -.mdar critical
conditions.

Maximum bubble diameter under critical conditions is only

slightly less than maxirmm bubble diameter at low heat fluxes, contrary

to the observations of Gaertner und Westwater [26] and the prediction

of Zuber [23].

Vilues of bubble growth rate and maximum bubble diameter ane

t8.
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presented for mo;larate heat fluxes over the same pressure range.
The diameter of a bdubhie at any time during its growth may be related

to time by an equation of the type,

P oadt (&
whers the values of A and x.vaiy between various bubbles. The
value of x» in equatioq‘_(ﬁ) was found to v'aty: among bubbles at the
5amal pressure; The highest value of x.at atmospheric pressuré was

".asl high as th’mé times the lowest valﬁ'e.Oneénalﬁi_.cal model for
'bxxli)bie growih rate cannot account for such large variatioms in growth
rate under sin'rilar experimental coaditions.

| The temperature gra,dieni in the superheated layer at the
time of i-nitiatim is approximately linear. "Tha thickness of this

‘layer at {nitiation of the bubkle is vezy‘ nearly twice the thickness
corresponding to pure conduction under similar temperatute and heat

| flux conditions. | |

Ed sting correlations for maximn bubble diameter do not
satisfactorily predict the maximm bubble size. However; the
diameter of the bubble at departure can be pmdi‘cted fairly well by
an energy balence of the vapour snd the superheafeel liquid displaced
by the vapour bubble. An aversge meximm bubble diameter in pool |

boiling of water may be obtained from the following équa.tiong '
ey V- g )
b = 0-0091( \;ﬂ {tst-.m] €26)

Bquatien {26) correiates all the available data between
pressures of 1.0 and 2000 psia satisfactoﬂly. In the case of
cylindricel heating surfaces, the maximum diameter of the bubble is

p:-oportionél to the square root of the heating element diameter




wheﬁ ‘tl'.ae bubhle‘ envelopes .‘the heating elémant completely., This
ma::ti‘m‘bnbhle dianﬁater from a ¢ylindrical suéface éan also be
derived be ‘combining equation (26.) with equations (23) and 24).

The velocity of the bubble at the time of its departure
from the heai;ing surface is constant. This bubkle velocity can be
obtained byequating buoyancy and drag forces on the vepour bubble.

The hydrq@mamic‘disturbance associsted with the bubhle
g'x'éwth rate causes disturbance in the superheated layer well away
from’ the origin of disturbance, This disturbance travels at
approximately the nitial growth velocity of the bubble in all
directions. Such an occurrence may well explain sudden change of
slope on the heat transfor curve, figure 1, when boiliﬁg commences.,
The bubble at departure produces eddy currents in the ligquid
resulting in an upward "11€t" of the superheated layer. The .
relative turbulence in the superheated layer after the departure
of the bubble is larger than the turbulence during growth, fig 90
Ii‘fxpenimahts of this type also confirmed the presence of a thin
layer of supekxeated liquid adjacent to the interface of the
growing bubble.

The method of recording temperature transients in the
superheated layer using small thermocouples maybe useds! te
indicate the existence of bubbles when the heating surface is not
visible or high speed camera not available. This method is
particularly useful to indicate initiation of the nucleate boiling
regime.

Based on the assumption that, under critical conditions,

all the superheat energy present in the superheated loyer is

fransferred in the form of latent heat of vapour, a correlation is
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developed which predicts _the cx&it;i.c}:al heat flux in pool boiling of
water. Qm;xp&‘irisoﬁ ﬁith ali 'fhe avéilableid‘at;alin_ the iai'e'ssure range
0.6 psi.a to cnt:.cal pmssum 13 kat;sfactory. " Two empirical

constants were required to emmlete th:ls equation which were feund

e:q:enmentally. The result'!ng equat.ion 13‘?

033

_3’_"2- n 2 44‘:(L)[(?rfv)_x ?UE g“) . {57)

L-?v

. Xt has slso been nmposed that . for. cylind:ical heating
surf-tceq, at.pressures. where the bnhble envelops the heating surface
compl ately; the critical heat flux increases with a.n.increaserin

dimnefer of the heating element. The proposed relationship is,

0. 15@

cylf:f. °C' de (3) |
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| .Conditions goverming the ehoice of o stabilising fluld.

For the stibilising systen to functien nemaslly, it was
mmw to cnsure 8 hest ‘abmrbtim capucity for the system of _
7660 Botowo por hous, ap zentloned Su chepter 2.4,  Abso, boiling
4n the stahcﬁliamg" mysten dad deposition of descaposition pmdneia :
of wil had %o be avoided for nermel finctioning.  ¥o deteswdne the
nmess,m' stabilizing fluid Nowrate and pressre roqulrenonts :Im '
the Mﬁ;mﬁs:g Sy ateR, thy Salloving equatims were conslderad.

3 Thg f:mt tms‘sﬂs? equation for the stabilising fudd i the
Dittus « Uoulter ccabﬂ'ﬁm ‘__ﬂ ’ |

hee e 0,023 mﬁ*? e ()
Ak o, Q@ o h?a: A, 8Txs | | {61}
and @ = . Csf. {?a~r4) - {62)

Fren oquatiouns (60) and (61),

Q - 9'023 m Ar. A'l‘-r Rg & Pg 4 (63)
Assuming mean Seaperature diffevencs to be arithustic mosn,
we have '

Ay e B _ (3_eT) (64)

—
© Prom equations (§3) end {34}
Qe 0023 T Bop. %8 pd [’r - (e 'ra}]

“Trom aqnatim (a‘a)n




Lok

2 ' T | 3. !
Qe = ra { fve) - (TeT) (66)

or  To = T4 e ) | (67
St Q“; w LWC:);;_ du‘ ‘ (67)

From eruatims (65) and 67 and marranging,

_‘,i.w .

e n . ‘0.8.{},4 28, ....32 -0,

Frem equa»wn (68), t}m velocity of‘ Stabill"lng flnid car
+be calculated if the value of Tv is known. - The value of the inmer
- .‘“_"_;ggrface temperature of the tube, Ty , was assumed to correspond te

"i)“c:gint D on figure:l, The value of Ti was taken for the worst case’

boiling at 14.7 psia under gritical conditions. This value of Ti
corresponds to po:i.nt G on the bf:silirg curve.
Inse“ting the' value of velocity in equation (66), cutlet

" temperature of the stabilizing ﬂmd can be ealeulated.

Pressure drop across the heating tube.

Fﬁctichal pressure drop in the tpbe is given by,

ab, = af YV )se PR (69)
From ref. (53], £ = 0.0 x Red ~ (70)

Pressure drop due to sudden expansion and eontraction at
axit from and entry %o the test section was caleulated from the

‘following equations.

Atz‘e. - Ke (g:%a& o (71)

1
Abe = Ko (—?5)3? (72)

(68)

of
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where Ke a‘n;:l Ke are coefficients for sudden exponsion and contracti

respectively and 'sbe ‘and sbe the corresponding pressure drops,

For a"r?;iameiér ratio of 0.115 & 0,23,
' P08

ho = 0.44; Ko w0.898, (53]
for cxtreme ‘cmdition.;s_at 14.7 psis, o
Ty = 465°T.; To= 208°F.; V= 2,07 x 10%#u/hr.
The value of tpta; ?3‘??{%}{3‘@ dirop and flotfraite" for three

liquids were as followss~

ldquid  Pressare dreop - Flowrate

- {psid S (xapw)
Water  Water X ¢ - 9.5
Mobilthetm 600 60 104
Sholl Voluta 45  94.0 | 124

- It was decided to use water becapse of low frietienal

pressure drop, high themal capacity and freedom from decomposition |

products.

k-

uil
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APPENDIK H

‘ Detemtnaxi.on of temperamre dr0p aoross the tube wall.

'l'ha ﬂinénsions of the stainless steel tﬁﬁe.uséd in thia
investigation wera, 7 | o :
| ‘Outside diemeter e 0.125 dnch.

Average thickness = 0,0048 inch y 0.0002.
Length. o 6 inches.

The thiekness of the tube wall was less than 0 Q08 inch
and the maximun temperature drop across the tube wall never exceeded
10°F. under 1imiting conditions of eritieal heat ﬂux at atmospheric
pressuré. It was, therefore, assumed that. the properties of the

tube material were constant under these cnmhtions, Leppert and

Gostello (53], L

H = Constant leat generation rate per unit volume of material.
For steady stafe ¢onditions, assuming no heat flux at inney

surface and radial heat flow only, at any radius

Bl (F=t) ) w-2nrh ke ATT;EL (73)




L]

P '
or I ) dv= — dTERS (74)
2 kT ) A . |

Integrating be?.ween limits of Ti and Yo; and TT and Tw,
Ty = ol r*—_v:*)_-mu‘ To - 78)
Ty = Tw | ‘kT(n : b by 2 (78)
Assuming that a]l t:he heat generated in the tube wall

flows out to the hquid, a8 was the case in actual expenments ’
hevy o= CV"’“’ o ‘ (76)

vhere Uy = ifolume of tube material,

) 2 Yo
From equatians (75) and (77)
(T ,.,._N) .7 Qc\r V“ﬂ?; Q%& L - ‘(78')
ol The | IR %
For actuel values of Yo and Vi,
Tyefv o 203%x107. X o (79}

where k4 = Themmal conductivity of tube material. Since the

temperature drop across the tube wall is smell, an axit_:!‘izﬁaﬁic- average
value of Tt and Tw is used to fix the thermal conductivity of the

material. The values of thermal conductivity of the stainlesa stee!

tube at two.diffénmt temperatures were suppiie& by the Mufmtugarj

of the tube. The vaiue o:t" ke at 20°C. was 9, 192 ﬁ;t..u..per hour.
3 . , and the temperature eoefficient was + 6.51 x 10 per

degree centxgrade rise of temperat:ure.
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APPENDIX IIT,

ﬁst:_imtion of heat losses in conductors and tubes..

. The location of thermocouples 1,25 inch sway from the
entrance toa.nd exitfrom ;he actual test section i_nt,redﬁcleé,
. an ler;-'o::_j.in heat flux moasurements, because, of heat_-fl_.dssea in
conductors and tubes mainly due to conduction and convection.
A simple test was devised to estimate the extent Bi‘:t’:hesa
) ‘losses in cm&uctora and tubes, dar:.ng expeﬂmnts in hoﬂ,ing.
The followiug asmunpﬁ;lons are made. .

1) Since the losses in eenductors' and tubes are by
éoﬂduction 'aqd_ c_onve’étieh, the ;osses _dgpg&;d primnrily' on the _
texnpe-ratuxfé: diﬁ“emce between stabil—izing fluid and bulk fluid in
 the test tank. | -

2) Temperatures masured by the themocauples are the mean
temperatures of the stabilizing fluid flowing past them.

3) The t,:emperature' drop in the. stabilizing flvid at entry
and exit due to losses are equal, |

f.e. m 1) e (- T

| where T and T:, are the tegmeratures of the stab:.llzmg fluid ,
- at entry to and eﬁtf;w;:he test section. | |
If Apr is the meon ten@erat‘.ure differenee between
. stabiliszing ﬂuid and bulk in the test tonk, then as a first '

approximation only,

sTy, o (M=) = (%o~ Tb) (80)
Q‘ﬁ (i - 'r‘b)

(To -
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The heat transfer coefficient from the tube outer
surface to bulk liquid in the tank was calculated frqm;myomded
natural convection equation for horizontal cylinders, MoAdem [1]

o 4 2 et -
. o A“f\» WAT“\" C(’}"
M e 0.83|7 ﬁ T (—E);l o A
R Rt SO

Heat transfor coefficients for forced convection from

at‘abilizing fluid to the heater tube inner surface is caleulated -

from the equation,

oo oy @ - 0,023 Re¥® P04 (81)
by o= '

Overall heat transfer coefficient between stabilizing
flm.d and bulk £luid in thel\test tank is,. thus, (based on imner

surface)
| L o 3 diss o+ 2L = ;' Ia ' {82)
v Tog 4 % ky (dosdi) e .

Total amount of heat ',transfer'red in the 1’;‘&'51; section i85 . .-

A v (5
Tbtal héa‘e' lost by the stabilizing fluid is given by | L
Qrotal = (V¢ )i . (T - To) S (89)
Heat Losses in conductors and tubes is, therefors,

Q. = Q Total = Q¢ | T (88)
if &Ty,is the tenmerafuré d‘ro;i in the stabilizihg fluid due to
losées Qv clmly'-, then |

o _ oL~
Wedop
From asawi:ption (3), this loss g'an be devided equally

ATy =

(86)

at inlet and outlet.




U YIRS N N Y A
Py o= To 4+ T

‘-‘.A“filrs‘t ‘a‘pp‘rlm‘cimiation to sﬁabﬂizing fluid tenmefawﬁs
at actual inlet to zmd Outlet from the test sactlon has, thus,
been aehleved. It is now necessazy to I‘ecalwlate AT;J; f!'om' :
equation (80) by replacmg Ti and To by T. and T3 respectively.
Equations (81) to (86) have also to be recalculated for this new
value of bT,cb

The velue of 2Twr in equation (1) was assumed a few.

degrees legs than ATs,. This assumed value of AT. has to be

checked, thus

BTy .- Q_“ . ‘ . (87)
A Awe N

in figure 2t, the thermocouple ‘émf_ecjuivalgnt to losses ATyt
is plotted against the thermocouple emf ‘equivalent to ATp,, for a
-c'onatant. stabiiiﬁng fluid flowrate of 140 1bs pér hovr. In actual
axperiments, 'a constant flowrate of 140 lbs pér hour was maintained.
The required enf equivalent of temperature drop in the stabiliszing
fluid between inlet and Outlaﬁ was then obtaine& from figure 2k A
ample ealculation for water is given here. |
17L.55°I‘

L L
T o 16601? .
‘T - 92.85°F.
From eqt.latienl(SG), A Tpy, - 75.703’.
Assumed e %ralue of bTuy, = 68.0°F.
Mean liquid temperature near the heating tube,

Tm = 68 + 92.85 = 12,85°F,
. . 2z ‘




At 127°F,

‘km

m

'P.ﬁr ‘

‘._n .“r;‘i
o -
do .
s =
S

- From equation

o (8D,
n v (82),
Woon o (83),.
" on o (e4),

From equation (85),
iy " (86),

Recalculating,

From equation {80),

" " (83),
1 t {8s),
nw  (86),
" no (87,

(1),

| _'1.‘5»'05‘ X102 £t

 0.3172 B.t.u./nr.OF. £t

615 Ibs/fe’,

247 x 207 9?“1

SOl dbafhrge.

U1.041: ® 1072 ge,

res xio? 6P

‘v\yngm.; - 115 :B.t.u./ft.%rr. on/

Bl = %40 Bta/fe’ an oK
v - 20 Bt/ b OF
G = 353.5 B;t.u./hg.
Q Total = 762 B.t.u./he.
O = 408.5 B.t.u./br.
b, = - 2.98°F,
. e 170,06°F.,
end T, = 167.49°F,
ATy o« 75.4°F,
® = 353.5°
Q. = 410. B.t.u./hr.
IS 3.0%F,
ATy = 68.1°F., compared with an

assumed value of 68%F,, hence satisfactory.

[




. APPENDIX IV.

Sggsitivig of the stabﬂiﬂng fluid sy stem.

Owens I:tﬂ defines the sensitivity of the stab:.lizing system as the
ratio of change in gtabﬂi_.zing fluid temp‘aratum to the difference 4
between test Section wall and the stabilising fluid as this #====ile

approaches zero.

(36)

$.6. Sensitivity = Limit

vhere ATs¢ = temperature chaﬁga in the $tabilizing fluid. bulk
within the heated Length of the test section, '
and Al = temparatum difference betwem tube i.nsida wall and
mean stabilizing fluid bulk. | N |
From a heat balance over the test sedtiohi,l

- jqi\. g . Ao AL |

S FEEE e (89)

Aséuming that the inner tube diaméter and the heat

transfer coofficient ‘do not vary along thelléhgth, from equation (89),

L. L
W.L-o\i.fb.'\'-rg-d&

bf_g;, = = ) . (90)
L S SN R (9)
'w-(.‘.s". '
wvhere OTx T g‘“**'“’ | €92).
C 2= N S

', Sensitivity = T ™ o %-St - (93)

. wa Gl :

‘ | 2,

~where St = Stanton number = T

_ 4 v Csg
Stanton number for turbulent flow may be obtained from Dittus -

Boelter equation (60), '

v tem\oe‘r@bure
P diffevence




St = 0°023

o Semsitivity = 4L L ogay
di CRST BT (95)

Experimental value for water,

 Volume flov = 14 Igph = 2.248 f¢/hour.
a8 x 1073 e,
Ay - 7.21 x 10“5 2 ‘

ol

ft.

Velocity .V = = 3.5 x 10% #4/nour. |
Re = 2.6 x 10% {‘fbr'pré-ssﬁre-of 14.7 psia)

B e 1,754
. Sensitivity « 0.432.
i.e. a temperature difference of 0.432°F, between inlet and c:uti-'ét
tenperatures of stabilising fluid will be observed for every 1°F.
difference of temperature between tube inner wall and bulk stabilisi]
fluid. '
Accuracy of stabilising fluid tomperature measurement Py 0. 001
=g 0.05°F.
. Accureey of derived é.varage inner wgll temperature

- g 0a2%,

ng

-.,.V




APPENDIX. V.

Response time of the 0,002 inch diameter thermocowple,

The problem of (Iietehninirig.thg response time is a complex one.
In _the arrangement used in this investigation, a thermocouple placed
in the sui:erheat‘:ed layer ﬂear the he‘at"ing tube will bave a tempe'}ature
éradient across its diameter land along its 1exxgj:h. |

‘ ﬁwewr, Carbon ot al [56] have studied the problem carefully
and shown by experiments thet the heat conducted along the
tﬁermocduple wire and heat ::'adiated by the thermocduple junctién
can be neg'lectéd e‘onpared f‘e;tz,onlvective 'hegt ‘transfer between the
thermocouple and the fluid flom past it. 'The authors
eéuation to detormine temperature change in the thermocouple with

time may be written in tixe foxm,

’ ol 7 o
(T =) « (T - Tb){"‘ e .X o (%6)
vhere A13 = @Z—j& S (o)

whém T4 = Temperature indicated by the thermocouple T hours
after the change ocours in the liquid by & temperature (T, ~ Th)
4 = Diameter of the themmocouple wire.
" fte = Demsity of the thermocotple wire.
Coe =2 = Spec‘iﬂe thermal cepacity of the themmocouple wirg.
and h = Coefﬂcient ;f heat transfer. h
The velue of a suitable coefficient of heat transfer, for

water, may be obtained from, McAdam al,
¢33

. 0.1 o§
ha . .4z (B + 0.57 (Re)g - (B, (98)
kg

where k;, » Thermmal conductivity of liquid.




The tenperature T¢ was detormined as follows:

: T_\%@'*-&

.

Te .

{99)

Por boiling at 1.0 psia, with an assumed (Tg - Tb) of 40°F,

™ -
.
.‘TA-._ -

| fte =
Cocllm =
| . .

142°F.

102°F, - |
128,9°F, for 67.3% of total change in temperature.
s34 lbs/ftd.

0.108 B.t.us/Lb F.
1.67 x107% g,

from equation (99), Tf 13201?.

For liquid velocity past the thermocouple of 10 feet per second,

equal o maximum bubble radial velocity,

¥ =

£ =
f‘* -
’kfg =

From equation (98), b

J';Qx 3H00 FPH

62.0 1bs/et’

1.25 1bg/hr.fe..
0.376 B.t.u./he. £5.°F,

«  3.42 x 10% B.t.u./26% nr.OF.
From equation (97}, My = 6,9 x 16'.8 hour.
6 7,68 x 20°° hour.

From equation (9), g

= 0.276 millisecond.




b

‘rod was fixed to the perspex top with its needle point located
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APPENDIX VI

Use of LASER in beiling experiments.

' A&vg‘n%:age.gas ltaker} ;)f';.' c‘_iemoz\tgtl.ratio:; by a technical
representati'\re of ‘Hughes Aircraft éompany'to experiment on the use
of ‘a LASER as an energy source for pmv;ding nueleaticn at & pcm.u:.

LASER model 200 with power supply model 250 was used to
provide a coherent s&mme of light. The specification of the by
crystal was , _

compositmn t 'q-.ws 0r, 0, dn AR, 0.

. . Size 0.378 inch d:lamater # 1.5 inches long.
niameterofbeamat S |
point of fncus ¢ 0,375 ineﬁ.
7 optieal axis 90 with respect to rod axis,
I)eta:lls of the I.ASER seuree were as follows:
‘ Focal 1ength of the J.ens _‘n 0.75 inch.
Peak power = 10 KW,

" Power imput duration "« 1 millisecond

Power imput to LASER - = 700 Joules.

‘Power Gutput from LASER = ‘1.4 Joules appmmtely.

Input Voltage . = °© 13.50 volts,
Wavelength of light source o 6943° A
A small gloss tank with inside dimensions 2 inches X 4 inch
x 2} inch high was used as the boiling tenk, A silicone rubber
gasket provided a seal between the pérspe;g top and the sidées of’ the
tak. A stainless steel rod /Yo inch diameter was sharpened to a

needle point and blackened at the needle point by oxidetion. The




s

0.78 inch above the bottom of the tank, The tauk was filled with
hot water and ccmnente_c; 1_:9 & vacuum pumpthmugha Vaguum hmah valve

The LASER was located 2 ams away from the étainlcss steel
needle. Pressui'e_ in'_the:tank‘ waé rg@ceéi until the bulk of the
1iquid started boiling. When' stealy state was reached, & j’)ﬁl'se of
one millisecond duration tdthmximum eﬁérgy i@ut of 10 K_W', over an
area of 0.11 square imch was passed. In one millisecoad diration,
two of three bubbles formed st the tip of the stainless steel needle.
' The advantages of a pé_int. source with contralled iastant
of bubble formation are nume_'r&)us. The 'f;rst one is saving in tine,
effort and expense associated with high 's'peéd 'photogrﬁ;élv ifa
bubhle fails to develop in the short recording period. Secondly,
the thermecouple bridge cén. be'lqé'a:ted at any desired disfance avay
from the source of bubbles,  This woukd solve the problem of
relying on the shence formation’ of a bubble in the viciuity of the
thermocouple. The ciisadirantages of & poi‘iz‘t: smrc‘e have already
been poiated out at the beginning ai_‘ chapter 7,

The LASER source of energy provide jﬁst ‘the means of
creating bubbléé at a désired position. However, the power input
from the availeble LASER seurce is neither constant with time nor
over the area. The problem of measurement of heat flux and
temperature difference ‘ﬁ-ﬁa would remain mt:h suc¢h an arrengement.
The additional problem of determdniug the absowption coefficient for

a metal boiling surface is iatrodunced if a LASER source is us€d.




. TABLE 1.

o Heat transfer rate méasgmﬁént_a;

Prossure

P

- (psia)

1.02
3,01
Sl

1.00

1,02

1.00

1,00

1,02

.03

.00

- 1.00

1.00

1,00
1,01 -
1.02

Approximate préssare - 1.0 psia

. Saries L
W N

Teﬁpemﬁﬁr& ‘ﬁf‘i’ﬁmn@ﬁ

Tw-To

(°F )

og.2

.0
3.5

49.5

54,6

59.6

55:-'_5 '

8

76.6
ez
86.3

81.8

83.5

81.8..

TaeTh
(°r)
2.6
2.0
1.9
1.40
2.8
2.4
2.3 .
3.6
. 2.5
2.2
1.9
2.3
2.2
3.1
2.8

- 9.60 & 103

28,4
25,0

11%

- Heat Flux

Y4

(5.t.u./Fe. 2nr.)

3

6.65 % 10

2.60 x 10*
3.0 x 10°
8,20 % 10
1,6.82 x 10*
18,90 x 10%
22.40 % 10%
24,20 x 10%
25.28 x .1134
24,90 x 10%

25.0 x 104
b4 104
x 10*

4
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;o TABLE 2.

L Heat transfca"' rata measuremmts.

RS R s FRUESEENS
‘.(f ,.,,. 1-,‘ ', ll + ,| \‘:._

Apprmﬁmate pressure ® l 0 ps:la.
Saries 2
---in—-—d-d—

' -
5

Preasure Tamperature difference ' Heat Flux

Ts-'i‘b o 'é%’ o
(OF ) (notont/ﬁ .hr‘)
30 2dx 108

a8 wseriet

oAl 248 x 16°.
Gl B4 238 104{_.“.
19 s k10t

1 20,0 x10°
16 2w 104'.1'
21 _19 5% 10%
EYCI TN 23104-;.u_

'1‘-;.591 | ll.4 x 16

¥ 45:;10 o
0.0 . 9 4% 10

(pa'iai: i
1. 02

x. 03
e 02

1,08

1oL
1,04

l 02
SR04




Pressure -

A
(psia)
1, 06
1,07
.05
1,06
1.08
1.07
1,03
1,03
1,02
1,02
1.03
1,03

TABLE 3,
e

Heat transfer rate measumments. ‘

Apprm!.mata pressum « 1. 0 psia.

Series 3

weramm diffarenec

Ms

(%)

38,7
42.3
46.4
81.8
i

60.7
6.7
69.5

74,0
79.0
82.6

84.8

Ts*'l‘b
°r )
0,9
1.7
0.9
1.0
2,0
3.0
1.6
2.8
1.6
1.3
3.0
0.3

Heat Flux
(8.t.u./F hr.)
1.41 x 10

'3.82 % 204
12.90 x 10%

15.70 x 10*
18.55 % 10%
N.0 x 10“
2285 % 10

24.4 x 10*
25:8 x 10°
25,9 x 10
25,5 x 10%
26.2 x;lé4




1re

1

Hent transfer rate’ meb.sgre:ﬁénﬁ_s .

Approsimate pressuré s 3,0 psid.

Tar Srature dlff

Ne-Ts:
r')
13,78
18,3
20,5
26.7
Q.4
35.8:
39":.;"2. .
42,8
46,7
33:2:
53.0-
57.2
62.3
67.4
71.5
6.8
80.8
85.9

-saﬁes_ i

scg:  Heat fluk

- i S L
(°F) - (2it.u./re’r)
-3 2:0x10%
03 8.3x10°
s 9:2%10°
0.2 L09x10t
0.95 1,68 % 10°
0.65 2.4 x 10*
08" ssxi0t
0.8°  1.07x10°
1.05 147 x 10°
08" 1,50 x10°
1.5 23010
2,32 % 10°
2.68 x 10°
2.78 x 10°
2.91 = 195
3.02 x 10°
2.96 x 10°

2.89 x 10°

0.7
1.28
1.15
1.48
1.8
1.15




120
TABLE S,

Heat transfer rate measurements.

Approximate .ﬁre'ssmre a 3.0 psia.
o ‘Serles2

Pressure Temporature di fference  Heat flux
T p TeeTs Tetb -V
{psia) - (°r) PR ) (But.n./FtS.he.)

" 2,88 78,8 . 0.8 " 2,83 x 16°
2,98 69,2 0.8 2,92 x 10°
2.98 61.8 1.3 2,73 x 10°
2,98 5544 1.0 2,09 x 10°

2,96 . 46,0 0,78 1.46 x 10°
2,99 " 40,88 0.25 - 7.61 x 10%
" 2,98 . 35.6 0.0 3419 % 10t

2,94 - 29,4 0.2 1.54 x 10%
2,93 24,8 0.7 1.02 x 10*
' 3.01 20,9 1.1 8,56 x 10%

3. . 18.4 0.0 5.3 x10°




Pregsure
il ——

P

{paia)

3,00
2,00
3.02
3.00
3.00
2,98
2,98 .
2.97
2,97
3.0
2.98
2.98
2.98

Heat transfer rate measurements.

TABLE 6.

Appraximate pressure = 3.0 psia.

Series 3
ittty

Yemperature difference

P19
°r )
26,6
32,9
38.2
43.3
48.8
54,8
60,0
66.9

Th.2
'?:5".‘ 0

9.2
83.2
82.1

Te~1h
°r )
1.3
1.5
2.1
1.2
1.3
1.2
1.6
1.2
1.4

2.3
1.3

1.2

Heat flux
Y

(B.t.u./Ft? br. )
1,74 x 10
2.8% x 10°
5,55 x 10%
11.65 x 10%
7.3 = 10%
20,9 x 10*
24,65 x 10?
27,1 x 104
28.0 x 104:'
30,0 x 10
30.6 x 104
30.6 x 10t
30.8 x10?
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Heat transfer rate measurements. .

Approximate pressure = 7,0 psis..

Serie_js_l.

‘ngs_tx_m‘ 'i‘emperatum difference
P TweTa Toe
(psia) °r ) °r)
| %420 17.7, | 0.43
. 1.16 22.3, 0.8
1,14 27.38 0.78
X 32.58 0.4
- 7.04 3.3 0.48
L 7,04 4b2 0.7
. 7,02 ad.4 0.6.
- 7.00 48,1 0.5.
. 8,97 . 52,2, 0.2.
L 7. 88 0.85
7.0 €1.8 : 0.65
6,98 0.8 0.5,
6,98 3.5 -0.2

(B t.u./Ft .hr |
4.0 x 10 5" |

8. 56 x 10 ;
1.67.% 104 |
2.13 % 10
3.42 x 10*
6,6 104_
1.64 x 10°
2.17 x 105
2.56 x 10 o
3.02 x 10 :
3.6 x 1065
3,43 x10°
3.22 x 10° -




Pressure

Apsia)
6.97
6.9
6.97
6.94
7.04
7.07
7,08
7.04
6,98
- 6.92
6.98
6.93

TABLE 8

Heat transfer rate measuremsnts.

Approximate pressure = 7.0 psia.

Series 2

,:gei@ératura difference

Tw-Ts
% )
69.3
66.2

- 60.4
35.4
48,0
44,2
40.4
35.5
29.5
245

- 20.0
15.2

Ts-Tb

¢r)
0.6

0.7
1.2
0.4
0.3
0.2
0.2
0.8
1.1
0,8
1.3

124

Heat flux

q}

iB.f.u./Ft m.)

3.24 x 105“

S

3.33 b4 10 :

2.8& x 10"
2,27 x 10°

1,70 x 10°

2.9 x 10t

3.93 x 204

2.3 =0

BMxm
6.54 3 1()

3.96 x 10% |




Pressure

P
(psia)
6,99
6.98
6.93
. 6.95
7.4
6.99
6.99
6.97
. 6.
©7.03
7,02
2.00
6.99
7,00

TABLE 9

S,

Heat transfer rate measurexents.

Approxiniai:p pressure = 7,0 ps‘i.a.
| Series 3

Temperature di fference

St
°r ).
21.8

27,0

37,9
44,0

. 48.8
88,7
62.6
68,0
72.8
72,5
75.3
69.1
73.8
69,7

Ts~Tb
(°r )
1.75
1.7
1.9
1.9
0.38

-0.25

- =0.48

-.-0.4_5

-0,75

~0.60"
-00 90

w110

0.05
3.1 :

1.5 x 10?

124

Heat flux
Heat flu

. I A
(B.t.u./Ft2.hr,)

1.3 x 10t
3.4 x 10
9.74 x 10‘_‘,
2.41 x 105

2.88 x 10°

5,04 % 10°

3.13 x 10°

310 x 105
3.22 = 10°
3.2 x 10°
3.17 x 10°
312 x 10°

3.25 x10°




- Pressure
A plsalief e niginieint bl

{psia)

14,3
14,3
14.3

14.3
14.3
14,3
14.3
14.3
14,3
14,3
34.3
14.47
14,46
14,46
13.45
14.44
14.43
14.48
14.47
14.46
14,44

TABLE 10,

Heat transfer rate measurements.

Approximate pressure = 14.4 psia

12§

Series 1
Temperature d:.fferenee Heat flux
TweTs 'rs—fb ¥
(°F ) (%‘ ) (Bt Jre? .hr.)
5475 108 393 % 103,
7.4 . 0,25 6.23 % 10°
10,75 0,08 9,25 x 10°
15;‘3 -,-0'.|25 1.22 x 104;.
19,05 ~0,45 1.85 x 10%
24,6 -0.45 2,27 x10%
29,3 ~0.48 7.0 x 10%,
32.6 -0.38 2.0 X 10°
33,55 ~0.25 3.0 x10°
X -0, 25 3.55 % 10°
4.4 0,05 4.4 x16°
48,0 0,05 4.9 x10°
§1.28 0.0 5.2 x10°
35,3 0.1 5.3 x10°
60.6 0.1 5.5 x10°
63.3 0.2 $.0 x10°
65,9 -0.3 496 x 1ot
67.2 ~0.2 49.5 x 10t
66.0 ~0.25 4.6 x10?
68.8 0.4 48,9 x 10t
70.9 0.6 x 20f

488




Pressureé.
P

(psia)
14.44
14:46
14.46
'14.46
14.45
14.45
14,45
14.64
14,64

1k

o —

Heat transfer rate measurements,.

Approkimate pressure = 14.45 psia

S

erieg 2

Tomporatire i fforsncs

Tw=Ts

°r')
64:6
5551
47:4
- 40,1
35.7
30.1
.7
16.9
1.4

Ts=~ib

128

Hoat flux.

W

OF ) (Butin/retke)

=05
0.8
-0.9.
«0,7.
“0,3
=6, 3
‘4906‘ :
w0, 2
-0, 2

5.00.x 100

3.18 x 10°

4,77 % 10°

3.59 x.10°
2,66 x10°
1.60 x 10°
3.9 x 169
1.44 xle@;.,“
6.27 2.10%




128

TABLE 12

l. Heat transfer rate measurements.
Approximate pressure = 14.6 psia
Series 3,

Prossurd Temperature difference Heat flux
(pstd) (°F) °r)  (Bta/relln)
1461 23,68 <0,35  Z22 x 20!
14,61 30.8 <0.45 7.9 210
14,63 338 0,15 2,09 x 10°
14.62" 8.3 -0.15 = 284 x10°
14,62 . 43.3 %Y 3.97 x 10°
4.8 43 <0.55 4,90 % 10'55__.

14,88 52.8 ~0.7 5.24 x 1
14,58 812 -0.5 826 x 10°
14,60 61.6 ~0.9 5.4 x10°
14.58 63.3 -1 5.3 x10°




TABLE 13.

Maxirmm diameter of bubbles in saturated poel boiling.

SSure Heat flux Temperature ' ma&g:r of | Diameter of | Mameter of [ Diameter of |Experimental | Maxcd maam Referent
Bifference Bubble bubhie from | bubble from | bubble from |value of dia~ | bubble for expe
Tw-Ts ;S tubea, fiat surface | flat surface|:meters for dimftfr tmental
: {Experi~ : tubes nodified | EQN.(8 values ¢
, fzta].} . EQN.(22) EQN.(19) EQN.{(26) o correspond i amete:
. ° - o a flat sur~
ia | B.t./Felhr.. Po My w. b IN. ™. . |:face. IN, IN.
_ . . _
8l | 1.47 x 10° 65.8 Bpo|  0.87 b4z| 0.6 - - -] 0.122 | Patten [
35 . | 1.47 x 10° 60.5 »| 0.8 0%  0.44 - 3.48 3.34 9.120 "
8 1.74 x 10° 60.0 45|  0.26 g4 0.2 - 0,91 0.94 0.115 "
5.8 : . Dol 6.0t
) - 4 5.6 x10° 44.0 ©.7[ 1.6 & 0.2107 1.5 4.5 3.4 4.8 0.118 | This wos
: 2.6 x 10° 84.0° | .33 01092  1.30 3.3 3.4 3.4 0.118 "
. | 6.68 = 10* 39.0 77 | 1,05 + 055 0.78 1.0 - 1.06 19 - 0.115 "
n 3.1 x 10 80.0t% | 0.9 ¢ 0.2 0.7 1.0 - 1.06 1.9 . 0.5 .
: 3.5 x 1ot 29,0 %1 0.45 - 0.55 0.4 - 0.113 "
v 6.1 x 10t 30,5 im0 0.50 - 0.363 0.41 - 0.123 y
» 3.3 x10° 70.0 2% | 0.35 + 0.1 - 0. 354 0.41 - 0.11.3 "
1 4.8 x10° (55 240 ¢ | 0.1 —>0.19 04 - 0.142 0.13 - 0.11 "
7 5.2 x10° 60.0 - - 0.09% 0.19 - 0.1 "
* 4
fobtir's S Dep = 3NV
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3.0,
70
2470

LB
- Gtde.)
‘ 0-54 '
" 0,308

0,358

0176

.y -

,,,,

ey

1

s
[ Uverege)
L0470 .

[ LA
: '




TABLE 15

e

© ke

130

‘Butble growth velocity and pressure pulsé velocity in nucleate boil-
' ' ' , , iing

Pressura

(psia)
1,02
1.4
1.00
1.01

0,98
0.98
1.06
1.06
.06
3,08
3.08
3.08

- 3.08
3.08
3.08

Bubble
Reference

Na.

oOTRlL
1282
1283
1286
1684
1686
2583
2585
2682
178L

1784

1785
1185
17
1788

of

Position Radial

Bubble

initiation  growth
_rate at
initiation
{m.)  (F4/sec)
1.02 6.6
1.09 8.1
1,17 9.6
0.618 5.8
0.835 4.6
1.16 5.5
m 6.95
1.25 3.8
0.855° - - 4.5
0.65 7.0
0.65 9.6
0.65 3.7
0.65 8.0
0.835 .25
0.65 1.6

 Velocity

o «of- .

| dis‘aarb'-

tance

{Frt/sec)
8.5
5.9
7.9
5.7

"Bl
6.0
2.8
1.5
5.1
3.80
6,3
5.4
5.4
7.2
7.2

i stance
of the' .
thermo~
couple

from tube

upper sun
face. .
{IN.)
0,09
0.014
0.0%4
0.014
0.006
0. 006
0,046
0,046
£8.046
9.008
0,006
0.006
0.006
©.006
0.006
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